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I .  INTRODUCTION
A l t h o u g h  a c o n s i d e r a b l e  e f f o r t  has been e x p e n d e d  o v e r  
t h e  p a s t  o n e - h a l f  c e n t u r y  I n v e s t i g a t i n g  s o i l  f e r t i l i t y  I n  t h e  
t r o p i c s ,  c o m p r e h e n s i v e  s t a t e m e n t s  c a n n o t  be made a b o u t  t h e  
f e r t i l i z e r  r e q u i r e m e n t s  o f  I m p o r t a n t  t r o p i c a l  c r o p s .  F a c t o r s  
t h a t  make t h e  p r o b l e m  d i f f i c u l t  I n c l u d e ;  s o i l  v a r i a b i l i t y ,  
p l a n t  s p e c i e s  and c u l t l v a r  d i f f e r e n c e s ,  management  v a r i a b l e s ,  
c o n s t r a i n t s  on p r o d u c t i o n ,  w e a t h e r  v a r i a b l e s ,  e c o n om ic  
c o n s i d e r a t i o n s ,  l o g i s t i c s  o f  f e r t i l i z e r  s u p p l y  and p r o d u c t  
d i s p o s a l ,  l a b o r  a v a i l a b i l i t y ,  f a r m e r  a c c e p t a n c e  o f  new I d e a s  
and  t e c h n i q u e s ,  and I n d i v i d u a l  g o a l s  and p r i d e  o f  
a ccomp I  I s h m e n t .
An a p p r o a c h  t h a t  can h e l p  s o l v e  p r o b l e m s  r e l a t e d  t o  s o i l  
f e r t i l i t y  I s  t o  make an e x t e n s i v e  s u r v e y  o f  t h e  f e r t i l i t y  o f  
s o i l s .  I n f o r m a t i o n  on s o i l  r e s o u r c e s  I s  needed  f o r  a r e a s  
r a n g i n g  I n  s i z e  f r om  I n d i v i d u a l  f a rm s  t o  c o n t i n e n t s .  To be 
mos t  e f f e c t i v e ,  t h e  I n f o r m a t i o n  must  be o r g a n i z e d  and 
p r e s e n t e d  I n  a c o n v e n i e n t  and u n d e r s t a n d a b l e  f o rm  t o  f i t  t h e  
a r e a ,  r e g a r d l e s s  o f  I t s  s i z e .  The p r e s e n t a t i o n  may be as 
t a b l e s  b u t  I f  d a t a  a r e  nume rous  maps s h o u l d  be u s e d .
S o i l  maps a t t e m p t  t o  d e s c r i b e  t h e  d i s t r i b u t i o n  o f  s o i l s  
o v e r  an a r e a  and t o  g r o u p  t h o s e  t h a t  h ave  s i m i l a r  p r o p e r t i e s  
I n t o  m a p p i n g  u n i t s .  The map see k s  t o  convey  I n f o r m a t i o n  
a b o u t  a s p e c i f i c  p o i n t  or  p o i n t s  on a l a n d s c a p e  t o  a map
u s e r .  T h e i r  p u r p o s e  I s  t o  say s o m e t h i n g  p r e c i s e  a b o u t  
p a r t i c u l a r  p a r t s  o f  t h e  a r e a  t h a t  c a n n o t  be s a i d  a b o u t  t h e  
w h o l e .
G e n e r a l  e s t i m a t e s  o f  f e r t i l i z e r  r e q u i r e m e n t s  may n o t  be 
d i r e c t l y  u s e f u l  t o  I n d i v i d u a l  f a r m e r s  o r  even t o  f a rm  
a d v i s e r s .  Some o f  t h e  r e a s o n s  f o r  a t t e m p t i n g  an e s t i m a t e  o f  
f e r t i l i z e r  r e q u i r e m e n t s  on a g r a n d  s c a l e  I n c l u d e ;  a)  
e m p h a s i z e  t h e  need o f  f e r t i l i z a t i o n ,  b)  s e r v e  as g u i d e l i n e s  
f o r  d e v e l o p i n g  a s s i s t a n c e  p r o g r a m s  t h a t  h e l p  I n  d e t e r m i n i n g  
bo th  t h e  g e n e r a l  n a t u r e  o f  p r o g r a m s  and w he re  t h o s e  p r o g r a m s  
s h o u l d  be I m p l e m e n t e d ,  c )  h e l p  I d e n t i f y  t h e  more p r e s s i n g  
p r o b l e m s  and  t h u s  h e l p  t o  d e v e l o p  r e l e v a n t  r e s e a r c h  p r o g r a m s ,  
and d )  p r o v i d e  e s s e n t i a l  b a c k g r o u n d  m a t e r i a l  f o r  s e n s i b l e  
r e s o u r c e  d e v e l o p m e n t ,  r e s o u r c e  m an a g em en t ,  and r e s o u r c e  
c o n s e r v a t i o n  ( Fox  and Y o s t ,  1 980a )
S e v e r a l  d i f f e r e n t  a p p r o a c h e s  can be used f o r  e s t i m a t i n g  
g r a n d  s c a l e  f e r t i l i z e r  r e q u i r e m e n t s .  Some a p p r o a c h e s  a r e  
a p p r o p l a t e  f o r  one n u t r i e n t  a n d / o r  c o n d i t i o n  and some f o r  
a n o t h e r .  Some o f  t h e  a p p r o a c h e s  as d e s c r i b e d  by Fox and  Y o s t  
( 1 9 8 0 a )  a r e ;
1 . A s o c i o - e c o n o m i c  a p p r o a c h  based  on p a s t  t r e n d s ,  
p r e s e n t  p r o g r a m s  and m a r k e t  c o n d i t i o n s .
2 .  B a l a n c e  s h e e t  a p p r o a c h  based  on s o i l  n u t r i e n t s  
r emoved  by c r o p  and r e s t o r i n g  t h e  s o i l  w i t h  
n u t r i e n t s  r emoved  by c r o p p i n g .
3 .  S o i l  a p p r o a c h  ba sed  on t h e  r e q u i r e m e n t s  t o  b r i n g  
s o i l s  t o  c e r t a i n  p r e s c r i b e d  l e v e l s  o f  n u t r i e n t s .
4 .  Recommended f e r t i l i z e r  r a t e s  a p p r o a c h  ba sed  on t h e  
e x t r a p o l a t i o n s  o f  f e r t i l i z e r  r a t e s  f o r  c r o p s  I n
r e l a t e d  a r e a s  t o  I n c l u d e  m a j o r  c r o p s  o f  t h e  a r e a ./
S o i l  f e r t i l i t y  and f e r t i I I z e r - r e q u I r e m e n t  maps can s e r v e  
many p u r p o s e s :
1 .  They can be used  by r e s e a r c h  p e r s o n n e l  f o r  o r d e r i n g  
r e s e a r c h  p r i o r i t i e s .
2 .  They can be used  as r e s o u r c e  m a t e r i a l  f o r  m a k i n g  a l l  
s o r t s  o f  p l a n n i n g  d e c i s i o n s .
3 .  They can g u i d e  more d e t a i l e d  r e c o m m e n d a t i o n s  f o r  
f e r t i l i z e r  a p p l i c a t i o n s  based  on s o i l  t e s t .
Wo rk  o f  t h i s  s o r t  h as  been s t a r t e d  a l r e a d y  In  H a w a i i .
Fox and Yos t  ( 1 9 8 0 )  c r e a t e d  two p h o s p h o r u s  r e q u i r e m e n t  maps 
f o r  t h e  I s l a n d  o f  H a w a i i .  They used  r e c e n t l y  d e v e l o p e d  
t e c h n i q u e s  o f  g e o s t a t I s t I c s  as d e s c r i b e d  by M a th e r o n  ( 1 9 6 5 )  
t o  d e a l  w i t h  t h e  s p a t i a l  v a r i a b i l i t y  o f  s o l i  p r o p e r t i e s  and 
t o  I n t e r p o l a t e  v a l u e s  o f  t h e  s e l e c t e d  s o i l  p r o p e r t i e s  a t  
u n v I s I  t e d  s i t e s .
The wo r k  p r e s e n t e d  h e r e  I s  a c o n t i n u a t i o n  o f  t h e  e f f o r t s  
begun  by Fox and Y o s t .  The o b j e c t i v e s  a r e ;
1 .  D e t e r m i n e  and map c e r t a i n  c h e m i c a l  p r o p e r t i e s  o f
s o i l s  o f  t h e  w e s t e r n  s l o p e s  o f  Mt .  H a l e a k a l a ,  on t h e  
I s i  and o f  Mau I .
Map r e q u i r e m e n t s  f o r  l i m e  and f e r t i l i z e r  t o  a t t a i n  
p r e s c r i b e d  s t a n d a r d  c o n d i t i o n s  t h a t  can be r e l a t e d  
t o  c r o p  r e q u i r e m e n t s .
D e t e r m i n e  r e  I a t  I o n s h s I p s  be tween  s o i l  c h e m i c a l  
p r o p e r t i e s  and s o i l  c l a s s i f i c a t i o n  as w e l l  as 
c l i m a t i c ,  b i o l o g i c  and  g e o l o g i c  c o m p o n e n t s .
I I . LITERATURE REVlEW 
S o l i  S u r v e y s :  P u r p o s e s ,  Component s  and  Uses
S o i l  I s  c o n t i n u o u s ,  b u t  most  I n f o r m a t i o n  a b o u t  
so I I - - c e r t a l n I y  I n f o r m a t i o n  c o n c e r n i n g  I t s  I n t r i n s i c  
p r o p e r t I e s - - d e r I v e s  f r om  o b s e r v a t i o n s  a t  d i s c r e t e  p l a c e s ,  
o f t e n  no more  t h a n  a few c e n t i m e t e r s  a c r o s s ,  more o r  l e s s  
w i d e l y  s e p a r a t e d  f r om  one a n o t h e r .  S o i l s  c a n n o t  be d e s c r i b e d  
f o r  e v e r y  l o c a t i o n .  Y e t  t h o s e  who c o m m i s s i o n  s o i l  s u r v e y s  
o f t e n  wan t  t o  be a b l e  t o  I n f e r ,  o r  p r e d i c t  I n  a s p a t i a l  
s e n s e ,  t h e  n a t u r e  o f  t h e  s o i l  a t  many u n v l s l t e d  o r  u n r e c o r d e d  
p l a c e s  f r om  r e l a t i v e l y  few o b s e r v a t i o n s  made e l s e w h e r e  
( W e b s t e r ,  1 9 7 7 ) .
The r o l e  o f  s o i l  s u r v e y  I s  t o  r e p o r t  t h e  s p a t i a l  
d i s t r i b u t i o n  o f  s o i l s  and convey  t h i s  I n f o r m a t i o n  t o  p e r s o n s  
u s i n g  t h e  s o i l .  Be cause  t h e r e  a r e  many d i f f e r e n t  uses  o f  
s o i l ,  s o i l  s u r v e y s  a t t e m p t  t o  p r o v i d e  f a c t s  a b o u t  many 
d i f f e r e n t  s o i l  p r o p e r t i e s ,  n o t  a l l  o f  w h i c h  a r e  c l o s e l y  
r e l a t e d  t o  s o i l  f e r t i l i t y  management  (Buo l  and C o u t o ,  1 9 7 8 ) .
Buo l  and Cou to  ( 1 9 7 8 )  d e f i n e d  t h e  compo ne n t s  o f  s o i l  
s u r v e y s  a s :  c l a s s i f i c a t i o n ,  m a p p i n g  and I n t e r p r e t a t I  o n .
They d e f i n e d  c l a s s i f i c a t i o n  as b e i n g  e s s e n t i a l l y  t h e  
v o c a b u l a r y  o f  s o i l  s u r v e y .  By I d e n t i f y i n g  and na m i n g  
p r o p e r t i e s  o f  t h e  s o i l .  I n f o r m a t i o n  I s  c o n v e ye d  f r om  p l a c e  t o
p l a c e  and p e r s o n  t o  p e r s o n .
T h e r e  a r e  two t y p e s  o f  c l a s s i f i c a t i o n .  N a t u r a l  
c l a s s i f i c a t i o n  and t e c h n i c a l  c l a s s i f i c a t i o n .  In a n a t u r a l  
c l a s s i f i c a t i o n ,  one c l a s s i f i e s  I n  such a way t h a t  t h e  name o f  
each c l a s s  w i l l  b r i n g  t o  m i n d  many c h a r a c t e r i s t i c s  and w i l l  
f i x  each  g r o u p  m e n t a l l y  I n  r e l a t i o n  t o  a l l  o t h e r s .  The 
o b j e c t i v e  h e r e  I s  t o  show r e l a t i o n s h i p s  I n  t h e  g r e a t e s t  
number  and most  I m p o r t a n t  p r o p e r t i e s  ( C l i n e ,  1 9 4 9 ) .  N a t u r a l  
c l a s s i f i c a t i o n  I s  t h e  b a s i s  f o r  any t e c h n i c a l  c l a s s i f i c a t i o n .  
The o b j e c t i v e  o f  any t e c h n i c a l  g r o u p i n g  I s  t o  p l a c e  t h e  s o i l s  
I n t o  g r o u p s  t h a t  b r i n g  o u t  t h e i r  r e l a t i o n s h i p s  t o  f a c t o r s  o f  
use and  man ag emen t .  T h i s  I n v o l v e s  one o r ,  a t  m o s t .  J u s t  a 
few s e l e c t e d  c h a r a c t e r i s t i c s  o r  c o n d i t i o n s  ( I . e . ,  g r o u p i n g  
s o i l s  a c c o r d i n g  t o  t h e i r  l i m e  r e q u i r e m e n t )  ( O r v e d a l ,  1 9 4 1 ) .
M a p p i n g  I n v o l v e s  t h e  d e l i n e a t i o n  o f  a r e a s  on t h e  
l a n d s c a p e  t h a t  a r e  I d e n t i f i a b l e  be ca use  t h e y  d i f f e r  I n  some 
r e s p e c t  f r om  a d j a c e n t  a r e a s ,  a l t h o u g h  I t  s h o u l d  be r e c o g n i z e d  
t h a t  t h e  b o u n d a r i e s  be tween  a r e a s  u s u a l l y  a r e  g r a d a t i o n a l .  
T h e r e f o r e ,  s o i l s  t h a t  a r e  s i m i l a r  o r  have  s i m i l a r  p r o p e r t i e s  
a r e  p l a c e d  I n t o  m a p p i n g  u n i t s .  Some s o i l  map u n i t s  I n c l u d e  
o n l y  one  k i n d  o f  s o i l  as d e f i n e d  by t h e  c l a s s i f i c a t i o n  s ys t em  
b u t  most  u n i t s  I n c l u d e  many k i n d s  o f  s o i l .
The t h i r d  componen t  o f  a s o i l  s u r v e y  I s  I n t e r p r e t a t i o n  
o f  m a p p i n g  u n i t s  I n  t e r m s  f a m i l i a r  t o  t h e  u se r  o f  s o i l  
I n f o r m a t i o n .  Most s o i l  s u r v e y s  a r e  made t o  f u r t h e r  t h e
u n d e r s t a n d i n g  o f  s o i l  s c i e n t i s t s .  In such c a s e s  
I d e n t i f i c a t i o n  I s  made o n l y  o f  I n d i v i d u a l  s o i l s  I n  t e r m s  o f  
s o i l  c l a s s i f i c a t i o n  u n i t s  and how t h e s e  u n i t s  s p a t i a l l y  f i t  
I n t o  t h e  m a p p i n g  u n i t s .  O t h e r  s u r v e y s  may use s e p a r a t e  
I n t e r p r e t i v e  o r  t e c h n i c a l  c l a s s i f i c a t i o n s  t h a t  r e l a t e  t h e  
p o t e n t i a l  use o f  t h e  map u n i t  f o r  s p e c i f i c  p u r p o s e s  such  as 
I r r i g a t i o n ,  d r a i n a g e ,  e t c .
The uses  o f  s o i l  s u r v e y s  a r e  l a r g e l y  d e p e n d e n t  on t h e  
o b j e c t i v e s  o f  t h e  s o i l  s u r v e y  I t s e l f ,  t h u s  one  may say t h a t  
t h e r e  a r e  as many uses  o f  s o l  I s u r v e y s  as t h e r e  a r e  
o b j e c t i v e s  o f  s o i l  s u r v e y s .  In any c a s e ,  s o i l  s u r v e y s  can be 
used  by l a n d - u s e  p l a n n e r s ,  s o i l  s c i e n t i s t s ,  c i v i l  e n g i n e e r s ,  
l a n d  d e v e l o p e r s ,  a g r i c u l t u r i s t s ,  f a r m e r s  o r  any p e r s o n  t h a t  
has  a n y t h i n g  t o  do w i t h  s o i l s  o r  l a n d .
S o i l  V a r i a t i o n
S o i l s  a r e  c o n t i n u o u s ,  t h r e e - d i m e n s i o n a l  b o d i e s .  They 
v a r y  v e r t i c a l l y  f r om  p l a c e  t o  p l a c e  I n  m o s t .  I f  n o t  a l l ,  o f  
I t s  p r o p e r t i e s .  S o i l s  a l s o  v a r y  w i t h  t r e a t m e n t  and a l s o  w i t h  
t i m e  ( C l i n e ,  1 9 4 4 ) .  V a r i a t i o n  can be a t t r i b u t e d  t o  a 
c o m b i n a t i o n  o f  e x p e r i m e n t a l  e r r o r ,  t e m p o r a l  v a r i a t i o n ,  and 
s p a t i a l  v a r i a t i o n .  R e s e a r c h  has d e t e r m i n e d  t h a t  s p a t i a l  
v a r i a t i o n  I s  u s u a l l y  t h e  l a r g e s t  o f  t h e  t h r e e  ( C l i n e ,  1 9 4 4 ;  
B a l l ,  1 9 6 8 ) .
S p a t i a l  v a r i a b i l i t y  can  be d i v i d e d  I n t o  two  b r o a d  
c a t e g o r i e s ;  s y s t e m a t i c  and r andom  ( W i l d i n g ,  1 9 7 8 ) .
S y s t e m a t i c  v a r i a b i l i t y  may be seen  as a f u n c t i o n  o f  t h e  
f o l I o w I n g  f a c t o r s ;
1 .  Land f o rm s  - m o u n t a i n s ,  p l a t e a u s ,  b a s i n s ,  p l a i n s ,✓
t e r r a c e s ,  f a n s ,  v a l l e y s ,  m o r a i n e s ,  e t c .
2 .  G e o m o r p h i c  e l e m e n t s  - s u m m i t ,  s h o u l d e r ,  b a c k s l o p e ,
and  f o o t s l o p e .
3 .  S o i l  f o r m i n g  f a c t o r s
a )  c h r o n o s e q u e n c e s  - a f u n c t i o n  o f  g e o m o r p h i c  a ge  
and  l a n d s c a p e  s t a b i l i t y .
b )  I I t h o s e q u e n c e s  - a f u n c t i o n  o f  p a r e n t  m a t e r i a l  
o r  b e d r o c k  t y p e s .
c )  t o p o s e q u e n c e s  - a f u n c t i o n  o f  t o p o g r a p h i c  
r e l i e f  on s i m i l a r  p a r e n t  m a t e r i a l s .
d)  b i o s e q u e n c e s  - a f u n c t i o n  o f  b i o l o g y .
e )  c l I m o s e q u e n c e  - a f u n c t i o n  o f  c l i m a t e ;  m a i n l y  
t h e  e f f e c t  o f  r a i n f a l l  and t e m p e r a t u r e  on 
p a r e n t  m a t e r i a l .
4 .  I n t e r a c t i o n s  o f  a b o ve  f a c t o r s .
These  c h a n g e s  a r e  m a n i f e s t e d  In  k i n d ,  s e q u e n c e ,  and 
a r r a n g e m e n t  o f  s o i l  m I c r o f a b r I c s , h o r i z o n s ,  and I n d i v i d u a l  
and l a n d s c a p e  e n t i t l e s .  H i s t o r i c a l l y ,  p e d o l o g i s t s  h ave  
c o n c e n t r a t e d  t h e i r  e f f o r t s  on s y s t e m a t i c  c h a n g e s  I n  s o i l  w i t h  
l e s s  e m p h a s i s  on I d e n t i f y i n g  r andom c h a n g e s .
8
Random v a r i a b i l i t y  I s  o f t e n  c o m p l e x ,  d i f f i c u l t  t o  
d i s c e r n ,  and  I m p o s s i b l e  t o  e x p r e s s  a n a l y t i c a l l y .  A s s o c i a t e d  
w i t h  random v a r i a b i l i t y  s i m u l t a n e o u s l y  and c o n c u r r e n t l y  a r e  
t h o s e  c h a n g e s  I n  s o i l  p r o p e r t i e s  t h a t  c a n n o t  be r e l a t e d  t o  
any known c a u s e .  These  a r e  t e rm ed  random o r  chance  
v a r i a t i o n .  When t h e  s o i l  s ys t em  I s  I n v e s t i g a t e d  I n  g r e a t e r
•  V
d e t a i l ,  some of  t h e  v a r i a t i o n  o r i g i n a l l y  c o n s i d e r e d  random
k
may be r e c o g n i z e d  as  s y s t e m a t i c  v a r i a t i o n .  Some o f  t h e  
c a u s e s  f o r  v e r t i c a l  and h o r i z o n t a l  s o i l  a n i s o t r o p y  t h a t  may 
y i e l d  s p a t i a l  v a r i a b i l i t y  o f  a r andom n a t u r e  I n c l u d e ;
1 .  D i f f e r e n t i a l  l l t h o l o g y  - f u n c t i o n  o f  p h y s i c a l ,
c h e m i c a l ,  and  m I n e r a  I o g I c a I  c o m p o s i t i o n  o f  p a r e n t  
m a t e r i a l  r e f l e c t i n g  modes o f  o r i g i n ,  mechan i sm  o f  
t r a n s p o r t ,  and s e d i m e n t a r y  h i s t o r i e s .
2 .  D i f f e r e n t i a l  I n t e n s i t y  o f  w e a t h e r i n g  - f u n c t i o n  o f
modes and  m ec h a n i sm s  o f  w e a t h e r i n g ,  f o r m a t i o n  and 
t r a n s f e r  o f  w e a t h e r i n g  p r o d u c t s ,  and l a n d s c a p e  
e v o l u t I  o n .
3 .  D i f f e r e n t i a l  e r o s i o n  and a c c r e t i o n  - f u n c t i o n  o f
l a n d s c a p e  s t a b i l i t y  and g e o m o r p h i c  p r o c e s s e s .
4 .  B i o l o g i c a l  f a c t o r s  - f u n c t i o n s  o f  f l o r a  and f a u n a  
( I n c l u d i n g  mans I n f l u e n c e ) .
5 .  D i f f e r e n t i a l  h y d r o l o g y  - f u n c t i o n  o f  c l i m a t e ,
r e l i e f ,  v e g e t a t i o n ,  and g e o m o r p h i c  p o s i t i o n  on 
I a n d s c a p e .
6 . S a m p l i n g  and  a n a l y t i c a l  e r r o r s  - f u n c t i o n  o f
p o p u l a t i o n  c h a r a c t e r i s t i c s ,  s a m p l i n g  d e s i g n ,  and 
e r r o r  o f  f i e l d  and l a b o r a t o r y  d e t e r m i n a t i o n .
M a p p i n g  S o i l  P r o p e r t i e s
The p u r p o s e  o f  a s o i l  s u r v e y  I s  t o  map t h e  s o i l s  o f  an 
a r e a  and t o  p l a c e  s i m i l a r  s o i l s  I n t o  m a p p i n g  u n i t s .  The 
u t i l i t y  o f  any s o i l  map depends  upon t h e  p r e c i s i o n *  o f  
s t a t e m e n t s  t h a t  can be made a b o u t  d e l i n e a t e d  u n i t s  v e r s u s  t h e  
a r e a  as a w h o l e .  I t  may s i m p l y  be a s t a t e m e n t  o f  f a c t :  f o r
e x a m p l e ,  t h e  s o i l  h e r e  I s  a c i d .  O r ,  I t  may be a p r e d i c t i o n ;  
as f o r  e x a m p l e .  I f  t h i s  l a n d  I s  l i m e d ,  y i e l d s  c o u l d  be 
I n c r e a s e d  30$ ( W e b s t e r  and  B e c k e t t ,  1 9 6 8 ) .
The f u n c t i o n  o f  a l l  s o i l  maps I s  t o  show t h e  
d i s t r i b u t i o n  o f  k i n d s  o f  s o i l s  so t h a t  k n o w l e d g e  g a i n e d  In  
one  l o c a l i t y  a b o u t  t h e  u s e f u l n e s s  o r  b e h a v i o r  o f  a k i n d  o f  
s o i l  may be e x t e n d e d  t o  o t h e r  b o d i e s  o f  t h e  same s o i l  
( S i m o n s o n ,  1 9 7 1 ) .  For  t h e  most  p a r t  s o i l  maps s e r v e  as a 
b a s i s  f o r  o r g a n i z i n g  and e x t e n d i n g  k n o w l e d g e  a b o u t  s o i l s  
p e r t i n e n t  t o  t h e i r  use t o  s a t i s f y  human n e e d s .
S o i l  maps can be d i v i d e d  I n t o  two c a t e g o r i e s ,  d e t a i l e d  
and g e n e r a l .  D e t a i l e d  s o i l  maps g e n e r a l l y  show d e l i n e a t e d  
b o d i e s  t h a t  can p r o p e r l y  be named as p h a s e s  o f  s o i l  s e r i e s ,  
and a r e  t h e  p r o d u c t  o f  d e t a i l e d  s u r v e y s .  D e t a i l e d  s o i l  maps
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a r e  g e n e r a l l y  used  f o r  s o i l  c l a s s i f i c a t i o n  p u r p o s e s .  Good 
e x a m p l e s  o f  t h e s e  k i n d s  o f  maps a r e  t h e  s o i l  s u r v e y  maps o f  
t h e  d i f f e r e n t  s t a t e s  o f  t h e  U n i t e d  S t a t e s .
On t h e  o t h e r  h a n d ,  g e n e r a l  s o i l  maps p r o v i d e  l e s s  t h a n
d e t a i l e d  I n f o r m a t i o n  on t h e  d i s t r i b u t i o n  o f  s o i l s  o f  a g i v e n
/
t r a c t  o f  l a n d  and have  been  made by g e n e r a l i z i n g  I n f o r m a t i o n
f r om  d e t a i l e d  s u r v e y s .  The d e l i n e a t e d  b o d i e s ’ shown on
*
g e n e r a l  s o i l s  maps r e p r e s e n t  s e v e r a l  p h a s e s  o f  s e r i e s ,  
s e v e r a l  s e r i e s ,  o r  s e v e r a l  c l a s s e s  I n  some c a t e g o r y  a bo ve  t h e  
s e r i e s  l e v e l .  They can  e i t h e r  do one o f  two t h i n g s :  1) show
t h e  b r o a d  d i s t r i b u t i o n  p a t t e r n  o f  s o i l s  o r  2 ) f o c u s  t h e  
a t t e n t i o n  on some componen t  o f  t h e  s o i l  p a t t e r n .  G e n e r a l  
s o i l  maps a r e  needed  b e c a u s e  t h e  human m i n d  can comp rehend  
o n l y  a l i m i t e d  number  o f  f a c t s  s i m u l t a n e o u s l y .  T h e i r  
j u s t i f i c a t i o n  l i e s  n o t  I n  wha t  can be shown on a map bu t  I n  
wha t  can be g r a s p e d  and u n d e r s t o o d .  G e n e r a l  s o i l  maps may 
no t  be o f  much d i r e c t  use t o  I n d i v i d u a l  f a r m e r s  bu t  t h e y  may 
s e r v e  as  a g u i d e  t o  more  d e t a i l e d  s t u d i e s  w i t h i n  t h e  f a r m .
In g e n e r a l ,  s o i l  f e r t i l i t y  maps a r e  g e n e r a l i z e d  s o i l  maps .
The f u n d a m e n t a l  c ompo ne n t s  o f  a s o i l  map a r e  t h e  m a p p i n g  
u n i t s  and  t h e  s c a l e  o f  t h e  map (Buo l  and C o u t o ,  1 9 7 8 ) .  
B a s i c a l l y  a map u n i t  a t t e m p t s  t o  d e f i n e  and d e s c r i b e  t h e  
r a n g e  o f  c o n d i t i o n s  t h a t  o c c u r s  I n  a g i v e n  a r e a .  R e g a r d l e s s  
o f  t h e  s c a l e  a l m o s t  e v e r y  map u n i t  has  I n c l u s i o n s  o f  s o i l s  
n o t  named I n  t h e  map u n i t  t i t l e .  As t h e  s c a l e  o f  t h e  map
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d e c r e a s e s .  I t  I s  n e c e s s a r y  t o  I n c l u d e  a w i d e r  r a n g e  o f  s o l i  
p r o p e r t i e s  I n t o  a g i v e n  u n i t .  T h i s  I s  a c c o m p l i s h e d  by u s i n g  
bo th  b r o a d  t a x o n o m i c  u n i t s  t o  name t h e  s o i l  and by I n c l u d i n g  
more  t h a n  one c a t e g o r y  o f  s o i l  w i t h i n  each map u n i t .
The d a t a  f o r  a s o l i  m a p p i n g  u n i t  comes f r om  m e a s u r e m e n t s  
made a t  d i s c r e t e  p l a c e s  I n  t h e  l a n d s c a p e ,  bu t  t h e r e  I s  a l w a y s  
t h e  hope  t h a t  a l l  p l a c e s  mapped as any p a r t i c u l a r  c l a s s  w i l l
h a v e  s o l i  p r o p e r t i e s  s i m i l a r  t o  t h o s e  r e c o r d e d  f o r  t h a t✓
c l a s s ,  and d i f f e r e n t  f r om  t h o s e  o f  a t  l e a s t  some o'f t h e  o t h e r  
c l a s s e s .  I n  h e r e ,  p r e d i c t i o n  I s  I n f e r r e d  o r  I n v o l v e d  and  
t h i s  p r e d i c t i o n  can  be e x p r e s s e d  I n  t e rms  o f  c l a s s i c a l  
s t a t i s t i c s  by a s s u m i n g  t h a t  t h e  v a l u e  o f  a p r o p e r t y ,  Z j j ,  
a t  any  p l a c e  I I n  c l a s s  j  I s  t h e  sum o f  t h r e e  t e r m s ;
Z , J  = u + a ,  .  E ,J  
w he re  u I s  t h e  g e n e r a l  mean o f  t he  p r o p e r t y  f o r  t h e  
w h o l e  a r e a ,  aj  I s  t h e  d i f f e r e n c e  be tween  t h e  g e n e r a l  mean 
and t h e  mean o f  c l a s s  J,  and  E j j  I s  a r andom componen t  
d i s t r i b u t e d  n o r m a l l y  w i t h  a mean o f  z e r o  and a v a r i a n c e  
( B u r g e s s  and  W e b s t e r ,  1 9 8 0 ) .
When m e a s u r e d  d a t a  a r e  s p a r s e ,  as t h e y  o f t e n  a r e ,  t h i s  
a p p r o a c h  t o  p r e d i c t i o n  and m a p p i n g  I s  t h e  o n l y  f e a s i b l e  o n e .  
Su cce s s  o b v i o u s l y  dep en ds  on t h e r e  b e i n g  an a s s o c i a t i o n  
be tween  t h e  p r o p e r t y  o f  I n t e r e s t  and t h e  c l a s s i f i c a t i o n  
scheme even  t h o u g h  s o i l  c l a s s e s  a r e  not  d i r e c t l y  r e l a t e d .
Such p r o c e d u r e s  t a k e  no a c c o u n t  o f  t h e  s p a t i a l  a r r a n g e m e n t  o f
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d a t a  p o i n t s  o r  r e l a t i o n s h i p  be tween  d a t a  p o i n t s  and p r e d i c t e d  
p o i n t s ,  no r  o f  g r a d a t i o n s  I n  v a l u e s  a c r o s s  b o u n d a r i e s .
I n  such ca se s  I n t e r p o l a t i o n  p r o v i d e s  an a l t e r n a t i v e  t o  
c l a s s i f i c a t i o n  f o r  p r e d i c t i n g  v a l u e s  o f  a p r o p e r t y  a t  
u n v l s l t e d  p o i n t s . ^  S o i l  p r o p e r t i e s  can be mapped I f  t h e  d a t a  
a r e  a ssumed  t o  r e p r e s e n t  a s t a t i s t i c a l  s u r f a c e  o v e r  t h e  map
»  V
p l a n e ,  w h i c h  can be r e p r e s e n t e d  by I s a r l t h m s .  I s a r l t h m l c  
m a p p i n g  I s  o f t e n  known as  ' c o n t o u r i n g ' ,  by a n a l o g y  w i t h  t h e  
m a p p i n g  o f  t o p o g r a p h i c  h e i g h t .  H owev e r ,  t o p o g r a p h i c  c o n t o u r s  
a r e  u s u a l l y  d r awn  t o  j o i n  p o i n t s  o f  e q u a l  m e a s u r e d  h e i g h t ,  
w h e r e a s  s o i l  I s a r l t h m s  j o i n  p o i n t s  o f  I n f e r r e d  e q u a l  v a l u e .
K r I g l n g
R e c e n t l y  a me thod  f o r  s u r f a c e  I n t e r p o l a t i o n  known as 
' k r l g l n g '  was d e s c r i b e d  by K r l g e  ( 1 9 5 1 )  and  M a t h e r o n  ( 1 9 6 3 ) .  
T h i s  me thod  p r e d i c t s  v a l u e s  o f  p r o p e r t i e s  w i t h o u t  b i a s  and 
w i t h  m i n imum v a r i a n c e .
K r l g l n g  has  been a p p l i e d  r e c e n t l y  t o  s o i l  s c i e n c e  .
U s e r s  I n c l u d e ;  C a m p b e l l ,  ( 1 9 7 8 ) ;  B u r g e s s  and W e b s t e r ,
( 1 9 8 0 a , b ) ;  B u r g e s s ,  W e b s te r  and M c B r a t n e y ,  ( 1 9 8 1 ) ;  Y o s t ,  
U e h a r a  and F o x ,  ( 1 9 8 2 a , b ) ;  McB ra tne y  and  W e b s t e r ,  ( 1 9 8 3 ) ;  
and G l I  t r a p ,  ( 1 9 8 3 a , b ) .
The f i r s t  s t e p  I n  k r l g l n g  I s  t o  mea s u re  s p a t i a l  
v a r i a t i o n  I n  a s o i l  p r o p e r t y  o f  I n t e r e s t .  S p a t i a l
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v a r i a b i l i t y  m e a s u remen t s  p r o v i d e  t h e  q u a n t i t a t i v e  d a t a  
n e c e s s a r y  f o r  I n t e r p o l a t i o n ,  and  a l s o  g u i d e s  I n  c h o o s i n g  
s a m p l i n g  t e c h n i q u e s  and  s t r a t e g y .
C am pbe l l  ( 1 9 7 8 )  used g e o s t a t l s t i c a l  me th ods  t o  compu te
and d i s p l a y  s e m I - v a r I o g r a m s  f o r  s o i l  t e x t u r e  and s o i l  pH o f
s o i l s  d e r i v e d  f r om  l o e s s  and g I a c 1 a I - 11 I I . V i e i r a  e t  a l .
( 1 9 8 1 )  u sed  g e o s t a t I s t I c a I  methods  t o  d e t e r m i n e  t h e  s p a t i a l
<
v a r i a b i l i t y  o f  t h e  I n f i l t r a t i o n  r a t e  I n  a s o i l  o f  C a l i f o r n i a .  
In H a w a i i ,  Y o s t  e t  a l .  ( 1 9 8 2 a , b )  h a v e  used  g e o s t a t ' l  s t  I ca I 
me th ods  t o  d e t e r m i n e  s p a t i a l  v a r i a b i l i t y  o f  s o i l  c h e m i c a l  
p r o p e r t i e s  and t o  c r e a t e  I s a r l t h m i c  maps o f  s o i l  p r o p e r t i e s  
and f e r t i l i z e r  r e q u i r e m e n t s .
S p a t i a l  d e p e n d en ce  o f  s o i l  p r o p e r t i e s  we re  f i r s t  
m e a s u re d  by W e b s t e r  ( 1 9 7 3 ) ,  and  W e b s t e r  and  C u a n a l o  ( 1 9 7 5 )  by 
a p p l y i n g  me thods  o f  t i m e  s e r i e s .  They compu ted  c o r r e l o g r a m s  
f r om  d a t a  a l o n g  t r a n s e c t s .
The f i r s t  s t e p  I n  d e t e r m i n i n g  s p a t i a l  d e p e nde nce  o f  
p r o p e r t i e s  I s  t o  compu te  t h e  s e m I - v a r I a n c e s  f o r  each o f  t h e  
p r o p e r t i e s  b e i n g  s t u d i e d .  These  a r e  compu ted  f r om  t h e  f o r m u l a
Y ( a , h )  = Z { [ z ( x )  -  z ( x + h ) ] ^ }  / 2N
w he re  N I s  t h e  number  o f  s a m p l e  p a i r s  a t  each d i s t a n c e  
I n t e r v a l  ( h ) ,  and Z ( x )  I s  t h e  v a l u e  o f  t h e  s o i l  p r o p e r t y  a t  
f i e l d  l o c a t i o n  ( x ) ,  and  o. I s  t h e  a n g l e  o r  d i r e c t i o n .  The 
sem1-v a r I a n c e  can a l s o  be r e p r e s e n t e d  as Y ( h ) .  The
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s e m l - v a r l a n c e ,  Y ( a ,  h ) .  I s  a mea s u re  o f  t h e  s i m i l a r i t y  o f  t h e  
d a t a ,  on t h e  a v e r a g e ,  be tween  p o i n t s  a g i v e n  d i s t a n c e ,  h ,  
a p a r t .  The more  a l i k e  t h e  p o i n t s  a r e ,  t h e  s m a l l e r  Y( , h )  I s .  
Once s e m l - v a r I a n c e s  a r e  c o m p u t e d ,  a p l o t  o f  s e m I - v a r I a n c e  v s .  
d i s t a n c e  can be p l o t t e d .  Such a p l o t  I s  r e f e r r e d  as a 
sem I - v a r  I o g r a m .
In  t h e  case  o f  an I d e a l  s e m l - v a r I o g r a m  o f  a p r o p e r t y ,  
s e m l - v a r I a n c e  I n c r e a s e s  as d i s t a n c e  I n c r e a s e s  and e v e n t u a l l y  
a t t a i n s  c o n s t a n t  v a l u e  ( F i g u r e  1 ) .
The v a l u e  o f  t h e  s e m l - v a r I a n c e  a t  w h i c h  t h e  g r a p h  l e v e l s  
o f f  I s  c a l l e d  t h e  s i l l  o f  t h e  s e m I - v a r I o g r a m  and I s  d e n o t e d  
as C.  The s i l l  v a l u e  I s  e q u a l  t o ,  o r  g e n e r a l l y  a p p r o x i m a t e s ,  
t h e  v a l u e  o f  t h e  v a r i a n c e  o f  s t a t i o n a r y  d a t a .  The g r a p h  
l e v e l s  o f f  a t  a p o i n t  w he r e  t h e  d i s t a n c e  be tween  s a m p l e  
l o c a t i o n s  I s  v e r y  l a r g e  and t h e r e f o r e  t h e  s a m p l e  v a l u e s  
become I n d e p e n d e n t  o f  one  a n o t h e r .  The d i s t a n c e  a t  w h i c h  
s a m p l e  v a l u e s  become I n d e p e n d e n t  o f  one a n o t h e r  I s  c a l l e d  t h e  
r a n g e  o f  I n f l u e n c e  o f  a s a m p l e  and I s  d e n o t e d  as  a .  W i t h i n  
t h i s  r a n g e  t h e r e  I s  a s y s t e m a t i c  r e l a t i o n s h i p  o r  de p e n d e n ce  
be tween  Y ( a , h )  and h ,  and  an e m p i r i c a l  e q u a t i o n  can be f i t t e d  
t o  t h i s  r e l a t i o n s h i p  ( C l a r k ,  1 9 8 2 ) .  A n o t h e r  I m p o r t a n t  
f e a t u r e  o f  s e m l - v a r l o g r a m s  I s  t h e  I n t e r c e p t ,  C^ ,  w h i c h  I s  
known I n  g e o s t a t I s t I c s  as  t h e  n u g g e t  v a r i a n c e  or  n u g g e t  
e f f e c t .  Cq I s t h e  e s t i m a t e  o f  Y ( h )  a t  h=0 and p r o v i d e s  an 
I n d i c a t i o n  o f  s h o r t  d i s t a n c e  v a r i a t i o n  ( Y o s t  e t  a l . ,  1 9 8 2 a ) .
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The ‘Ideal’ Shape for a Seml-varlogram
F i g u r e  1 .  T h e o r e t i c a l  s e m l - v a r I o g r a m  f o r  
I l l u s t r a t i n g  t h e  r a n g e ,  a ,  t h e  
n u g g e t  v a r i a n c e ,  C ^ .
a s p h e r I c a I  mode I , 
s i l l ,  c ,  and t h e
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B u r g e s s  and W e b s t e r  ( 1 9 8 0 a )  s u g g e s t e d  t h a t  I n  s o i l  
s u r v e y s  t h e  r a n g e  w i l l  u s u a l l y  be a few h u n d r e d  m e t e r s ,  a n d ,  
e x c e p t i o n a l l y ,  two  o r  t h r e e  k i l o m e t e r s .  Howeve r  t h e y  p o i n t  
o u t  t h a t  t h e  r a n g e  de p e n d s  on t h e  s i z e  o f  t h e  a r e a  s a m p l e d .  
Fo r  e x a m p l e  o v e r  a l a r g e  l a n d s c a p e  on t h e  I s l a n d  o f  H a w a i i  
Y o s t  e t  a l  ( 1 9 8 2 a )  o b s e r v e d  t h a t  t h e  r a n g e  f o r  pH was 14 t o  
32 km.  When I n t e r p o l a t i n g  one s h o u l d  use o n l y  t h o s e  p o i n t s  
c l o s e r  t h a n  t h e  r a n g e  t o  t h e  p r e d i c t e d  p o i n t .
The r e l a t i o n s h i p  be tween  v a r i a b i l i t y  and s p a t i a l  
o r i e n t a t i o n  o f  s a m p l e  p o i n t s  f o u n d  f r om  t h e  s e m I - v a r I o g r a m s  
I s  u sed  t o  make e s t i m a t e s  o f  v a l u e s  a t  u n s a m p l e d  l o c a t i o n s  by 
t h e  p r o c e s s  o f  k r i g l n g .  K r i g i n g  I s  a me thod  o f  o p t i m a l ,  
u n b i a s e d ,  m i n i m a l  v a r i a n c e  e s t i m a t i o n  o f  p r o p e r t i e s  u s u a l l y  
I n  two  o r  t h r e e  d i m e n s i o n s  ( Y o s t  e t  a l . ,  1 9 8 2 ) .  K r I g I n g  I s  a 
f o rm  o f  w e i g h t e d  a v e r a g i n g  t h a t  I n c o r p o r a t e s  t h e  s p a t i a l  
r e l a t i o n s h i p  o f  p r o p e r t i e s  o b t a i n e d  f r om  s e m I - v a r I o g r a m s . I t  
r e s u l t s  I n  an u n b i a s e d  e s t i m a t e  w i t h  a m i n i m i z a t i o n  o f  e r r o r  
v a r i a n c e ,  u s i n g  a s m a l l  number  o f  n e i g h b o r i n g  s a m p l e  p o i n t s .  
An e s t i m a t i o n  v a r i a n c e  I s  p r o v i d e d  f o r  each e s t i m a t e d  p o i n t  
w h i c h  g i v e s  an I n d i c a t i o n  o f  t h e  r e l i a b i l i t y  o f  t h e  l o c a t i o n  
o f  t h e  m e a s u r e d  n e i g h b o r i n g  p o i n t s  o f  t h e  k r i g e d  v a l u e .  When 
p o i n t s  have  been e s t i m a t e d ,  t he y  can be p l o t t e d  on maps and 
j o i n e d  by I s a r l t h m s  t h u s  c r e a t i n g  a map .  U s e r s  o f  k r i g i n g  I n  
t h e  a r e a  o f  s o i l  s c i e n c e  I n c l u d e :  B u r g e s s  and W e b s t e r ,
( 1 9 8 0 a , b ) ;  V i e i r a  e t  a l . ,  ( 1 9 8 1 ) ;  B u r g e s s  e t  a l . ,  ( 1 9 8 1 ) ;
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Y os t  e t  a l . ,  ( 1 9 8 2 b ) ;  McB r a tn e y  and  W e b s t e r ,  ( 1 9 8 3 )
P a r t i t i o n i n g  V a r i a t i o n  o f  S o i l  C h em ic a l  P r o p e r t i e s
How w e l l  do s o i l  c l a s s i f i c a t i o n  s y s t ems  d i f f e r e n t i a t e  
be tw een  d i f f e r e n t  m a p p i n g  u n i t s  o r  c l a s s e s  o f  s o i l ?  Such a 
q u e s t i o n  I s  n o t  a s k e d  o f t e n .  And when t h e  q u e s t i o n  I s  a s k e d  
I t  I s  a ssumed  t h a t  each  s u c c e s s i v e  s u b d i v i s i o n  I n  t h e  s o i l  
c l a s s i f i c a t i o n  s y s t em  w i l l  Im p r o v e  t h e  p r e d i c t i o n  o f  s o i l  
p r o p e r t i e s  and b e h a v i o r .  H o weve r ,  s t a t i s t i c a l  e v i d e n c e  o f  
s uch  I s  r a r e l y  p r e s e n t e d  ( Y o s t  and F o x ,  1 9 8 1 ) .
Y o s t  and  Fox ( 1 9 8 1 )  d e t e r m i n e d  t h e  a b i l i t y  o f  s o i l  
t a x o n o m i c  c a t e g o r i e s ,  as d e s c r i b e d  by S o i l  Taxonomy 
( S o i l  Su r v e y  S t a f f ,  1 9 7 5 ) ,  t o  p a r t i t i o n  and  p r e d i c t  v a r i a t i o n  
I n  I m p o r t a n t  s o i l  c h e m i c a l  p r o p e r t i e s .  To do t h i s  t h e y  used  
two  d i f f e r e n t  a p p r o a c h e s .  In t h e  f i r s t  a p p r o a c h  t h e y  used  
r e g r e s s i o n  me th ods  t o  m e a s u r e  how much o f  t h e  v a r i a t i o n  I n  
s o i l  p r o p e r t i e s  was p a r t i t i o n e d  by s i n g l e  c a t e g o r i e s  o f  t h e  
S o i l  T a xo nomy .  In t h e  s e cond  a p p r o a c h  t h e y  used a 
h i e r a r c h i c a l  a n a l y s i s  o f  v a r i a n c e  p a t t e r n e d  a f t e r  t h e  
h i e r a r c h i c a l  c l a s s i f i c a t i o n  s e q u e n c e  a c t u a l l y  used I n  S o i l  
T a xo nomy .  In bo th  c a s e s  most  o f  t h e  v a r i a t i o n  w i t h i n  a s o i l  
c h e m i c a l  p r o p e r t y  was p a r t i t i o n e d  o r  e x p l a i n e d  a t  t h e  g r e a t  
g r o u p  l e v e l .  Second I n  I m p o r t a n c e  was t h e  s e r i e s  l e v e l .
T h i s  means t h a t  t h e  c r i t e r i a  used by t h e  S o i l  S u r v e y  ( 1 9 7 5 )
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t o  d i v i d e  s o i l s  I n t o  d i f f e r e n t  g r e a t  g r o u p s  I s  t h e  most  
e f f e c t i v e  f o r  g r o u p i n g  s o i l s  a c c o r d i n g  t o  n u t r i e n t  s t a t u s .  
These  w o r k e r s  p o i n t e d  o u t  t h a t  p a r t i t i o n i n g  t h e  v a r i a t i o n  
w i t h i n  s o i l  p r o p e r t i e s  I n  a h i e r a r c h i c a l  mode l  I s  b e t t e r  t h a n  
p a r t i t i o n i n g  t h e  v a r i a t i o n  s e p a r a t e l y  I n t o  each o f  t h e  
c a t e g o r i e s  and  t h e n  c o m p a r i n g  t h em ,  b e c a u s e  I n  t h e  f o r m e r
»  V
c a s e .  I n d e p e n d e n t  Im p r o v e m e n t  I n  p a r t i t i o n i n g  t h e  v a r i a t i o n  
w i t h  I n c r e a s i n g  c l a s s i f i c a t i o n ,  d e t a i l  I s  r e v e a l e d .  H o w e v e r ,  
t h e y  a l s o  s t a t e d  t h a t  t h e  l a t t e r  can s e r v e  as a r e f e r e n c e  f o r  
q u i c k  and u s e f u l  p r e d i c t i o n s  o f  s o i l  p r o p e r t i e s  g i v e n  t h e  
s o l i  t a x o n o m i c  c a t e g o r i e s .
The I s I  and o f  Mau I
M a u l ,  t h e  second  l a r g e s t  I s l a n d  o f  t h e  s t a t e  o f  H a w a i i  
l i e s  be tween  20° 4 0 '  and 21° N o r t h  l a t i t u d e  and be tween  
156° and 156° 40 '  Wes t  l o n g i t u d e .  I t  I s  77 k i l o m e t e r s  
l o n g  and 42 k i l o m e t e r s  w i d e .  The l a n d  a r e a  I s  1885 s q u a r e  
k i l o m e t e r s  ( B l u m e n s t o c k  and  P r i c e ,  1 9 6 7 ) .
Two v o l c a n o e s ,  t h e  E a s t  Maul  v o l c a n o ,  or  H a l e a k a l a ,  and 
Wes t  Mau l  v o l c a n o  mer ged  t o  f o rm  t h e  I s l a n d .  The I s l a n d  I s  
d i v i d e d  I n t o  t h r e e  m a i n  a r e a s ;  West  M a u i ,  E a s t  M a u l ,  and 
C e n t r a l  Maul  w h i c h  i s  an I s t h m u s .  West  Maul  I s  a d e e p l y  
d i s s e c t e d  v o l c a n o  t h a t  r i s e s  t o  1765 m a t  Puu K u k u i .  E a s t  
Maul  I s  d o m i n a t e d  by t h e  3055 m H a l e a k a l a  v o l c a n o .  C e n t r a l
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M a u i ,  t h e  i s t h m u s  t h a t  c o n n e c t s  West  and E a s t  M a u l ,  i s  smooth 
and n e a r  Iy I e ve  I ,
Mean a n n u a l  r a i n f a l l  I n  m o u n t a i n o u s  a r e a s  r a n g e s  be tween  
250 and  9000 mm. E l e v a t i o n  r a n g e s  f r om  sea  l e v e l  t o  3055  m.
C e n t r a l  Mau l  I s  e x t e n s i v e l y  u sed  f o r  s u g a r c a n e  and 
p i n e a p p l e  p r o d u c t i o n .  Land  on t h e  e a s t e r n  p o r t i o n  o f  C e n t r a l  
M a u l ,  o r  t h e  w e s t e r n  s l o p e s  o f  t h e  H a l e a k a l a  v o l c a n o .  I s  used  
f o r  p a s t u r e  p r o d u c t i o n  and f o r  f o r e s t . /
Of t h e  191 s o l i  s e r i e s  mapped I n  t h e  s t a t e  o f '  H a w a i i ,  49 
o c c u r  I n  M a u l .  These  r e p r e s e n t  t h e  f o l l o w i n g  o r d e r s ;  
I n c e p t l s o l ,  U l t l s o l ,  M o l l l s o l ,  O x l s o l ,  H l s t o s o l ,  A r l d l s o l  and 
E n t l s o l .  C e n t r a l  Maul  I s  d o m i n a t e d  by I n c e p t l s o l s ,  U l t l s o l s ,  
M o l l l s o l s ,  and O x i s o l s .
O v e r v i e w  o f  t h e  S o i l s  o f  H a w a i i
The s o i l s  o f  H a w a i i  h a v e  f o rm e d  f r om  b a s a l t i c  I g n e o u s  
m a t e r i a l s  I n c l u d i n g  l a v a ,  c i n d e r s  and ash  ( A y r e s ,  1 9 4 3 ;  Hasan  
1 9 7 0 ) .  G e n e r a l l y ,  s c i e n t i s t s  o f  t e m p e r a t e  r e g i o n s  b e l i e v e  
t h a t  s o i l s  o f  t h e  t r o p i c s  a r e  I n v a r i a b l y  h i g h l y  w e a t h e r e d .  
Howeve r  t h i s  I s  n o t  t h e  c a s e .  In t r o p i c a l  r e g i o n s .  I n c l u d i n g  
H a w a i i ,  b e s i d e s  t h e  h i g h l y  w e a t h e r e d  s e s q u l o x l d e s  and l ; l  
l a y e r  s i l i c a t e s  s o i l s ,  s o i l s  o f  t h e  2 ; 1  c l a y s  a l s o  o c c u r  
( F o x ,  1 9 8 2 ) .
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The t r o p i c s  a r e  c h a r a c t e r i z e d  by c o n t i n u o u s  warm 
t e m p e r a t u r e s  and n o t  e x t r e m e l y  h o t  t e m p e r a t u r e  as I s  o f t e n  
b e l i e v e d  by p e r s o n s  who h a v e  w o r ke d  o n l y  I n  t e m p e r a t e  
r e g i o n s ,  A I m p o r t a n t  f e a t u r e  o f  t e m p e r a t u r e  o f  t h e  t r o p i c s  
I s  t h e  a b s e n c e  o f  e x t r e m e s .  Even t h o u g h  t e m p e r t u r e  p l a y s  an 
I m p o r t a n t  r o l e  I n  t h e  f o r m a t i o n  o f  s o i l s  I n  t h e  t r o p i c s .  I t s  
r o l e  I n  H a w a i i  I s  n o t  as I m p o r t a n t  as t h a t  o f ,  r a i n f a l l .  
R a i n f a l l  I n  H a w a i i  I s  r e l a t e d  t o  g e o g r a p h i c  f e a t u r e s  and 
v a r i e s  g r e a t l y  o v e r  s h o r t  d i s t a n c e s .  Fo r  examp I e , ,  t h e  " r a n g e  
I s  500 t o  2500  mm a l o n g  a t r a n s e c t  o f  l e s s  t h a n  20 km,  
n o r t h w e s t  o f  H a l e a k a l a  v o l c a n o  m o u n t a i n  I n  M a u l .
These  c l i m a t i c  c o n d i t i o n s  o f  t h e  H a w a i i a n  I s l a n d s  a r e  
f a v o r a b l e  f o r  t h e  d e v e l o p m e n t  o f  h i g h l y  w e a t h e r e d ,  
d e s l l l c a t e d  s o i l s .  D e s I I I c a t l o n  has  been r e c o g n i z e d  as  t h e  
d o m i n a n t  t y p e  o f  w e a t h e r i n g  and s o i l  f o r m i n g  p r o c e s s  I n  t h e  
H a w a i i a n  I s l a n d s  ( A y r e s ,  1 9 4 3 ) .  D e s I I I c a t l o n  can be 
d e s c r i b e d  as t h e  d e c o m p o s i t i o n  o f  c l a y  m i n e r a l s  w i t h  l e a c h i n g  
o f  s i l i c a ,  l e a d i n g  t o  t h e  a c c u m u l a t i o n  o f  f r e e  o x i d e s  o f  
I r o n ,  a l u m i n u m  and t i t a n i u m .  The o t h e r  w e a t h e r i n g  f a c t o r .  
I m p o r t a n t  I n  t h e  d e v e l o p m e n t  o f  t r o p i c a l  s o i l s .  I s  t h e  
f o r m a t i o n  o f  c l a y  m i n e r a l s  o f  k a o l l n l t e  t y p e  f r om  t h e  p r i m a r y  
m l n e r a l s .
C l i n e  ( 1 9 5 5 )  r e c o g n i z e d  and d e s c r i b e d  f o u r  g r o u p s  o f  
d e s l l l c a t e d  s o i l s  and  t h e s e  a r e ;  a )  t h o s e  d e v e l o p e d  I n  
r e g i o n s  h a v i n g  an a n n u a l  r a i n f a l l  r a n g i n g  f r om  381 t o  2032
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mm; b )  t h o s e  d e v e l o p e d  I n  r e g i o n s  h a v i n g  an a n n u a l  r a i n f a l l  
r a n g i n g  f r om  1524 t o  38 10  mm; c )  t h o s e  d e v e l o p e d  I n  r e g i o n s  
o f  v e r y  h i g h  r a i n f a l l ,  3 048  t o  7620 mm; and d)  t h o s e  
d e v e l o p e d  u n d e r  a w i d e  r a n g e  o f  a n n u a l  r a i n f a l l ,  635  t o  3810  
mm. These  f o u r  g r o u p s  o f  s o i l s  o c c u r  on t h e  I s l a n d  o f  M a u l .  
Based  on t h e  p r o p e r t i e s  o f  t h e  s o i l  as a f f e c t e d  by t h e s e  
c l i m a t i c  c o n d i t i o n s ,  t h e s e  s o i l s  a r e  g e n e r a l l y  c l a s s i f i e d  as 
a )  U s t o x  and  T o r r o x ;  b )  H u m u l t s ;  c )  H y d r a n d e p t s ;  a nd  d)
Humox ;  r e s p e c t i v e l y .  Und e r  a l t e r n a t i n g  d e f i n i t e  d r y  and wet  
s e a s o n s  k a o l l n l t e  and  a l u m i n a  I n c r e a s e s  I n  t h e  e a r l y  s t a g e s  
b u t  as  w e a t h e r i n g  p r o g r e s s e s  bo th  d e c r e a s e .  T h e i r  s i l i c a  
c o n t e n t  d e c r e a s e s  w i t h  t h e  age  o f  w e a t h e r i n g ,  w h e re a s  t h e  
c o n t e n t  o f  I r o n  and 1 1 t a n I  urn o x  I d e s  I n c r e a s e s  w i t h  w e a t h e r i n g  
a g e .  G e n e r a l l y  a s s o c i a t e d  w i t h  t h e s e  c o n d i t i o n s  a r e  t h e  
U s t o x ,  T o r r o x ,  and Humox .
Unde r  c l i m a t i c  c o n d i t i o n s  w h i c h  ha ve  no d e f i n i t e  d r y  
se a s on  t h e r e  I s  a r a p i d  d e c o m p o s i t i o n  o f  m i n e r a l s  t o  f r e e  
o x i d e s  and t h e  a l u m i n a  c o n t e n t  I n c r e a s e s  as r a i n f a l l  
I n c r e a s e s ,  w h e r e a s  f o r  s i l i c a  and I r o n  o x i d e s  t h e  
r e l a t i o n s h i p  I s  t h e  r e v e r s e  ( S h e r m a n ,  1 9 4 9 ) .  G e n e r a l l y  
a s s o c i a t e d  w i t h  t h e s e  c o n d i t i o n s  a r e  H u m u l t s  and H y d r a n d e p t s .
O t h e r  I m p o r t a n t  s o i l  g r o u p s  t h a t  o c c u r  I n  C e n t r a l  Maul  
and  w h i c h  l a r g e l y  d o m i n a t e  t h e  s l o p e s  o f  H a l e a k a l a  I n c l u d e s  
E u t r a n d e p t s  w h i c h  a r e  d e v e l o p e d  f r om  v o l c a n i c  ash unde r  an 
a n n u a l  r a i n f a l l  b e tween  508 t o  1016 mm. They o c c u r  I n  h i g h
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e l e v a t i o n s  and c o o l  c l i m a t e s .  They o c c u r  a r o u n d  U l u p a l a k u a  
and K u l a .  V l t r a n d e p t s  and D y s t r a n d e p t s  w h i c h  a l s o  d e v e l o p e d  
on d e p o s i t s  o f  v o l c a n i c  a s h ,  o c c u r  a t  much h i g h e r  a l t i t u d e s  
t h a n  t h e  T y p i c  E u t r a n d e p t s  and  a r e  e x p o s e d  t o  a h i g h e r  
r a l n f a l 1 ( Sol  1 S u r v e y ,  1 972 )  .
S o i l  C h e m ic a l  P r o p e r t i e s
P h o s p h o r u s
A g r o n o m i s t s  a g r e e  t h a t  P,  a f t e r  n i t r o g e n .  I s  t h e  p l a n t  
n u t r i e n t  mos t  l i k e l y  d e f i c i e n t  I n  t h e  t r o p i c s .  S o i l s  v a r y  
g r e a t l y  I n  t h e  amount  o f  P f e r t i l i z e r  r e q u i r e d  t o  a d e q u a t e l y  
p r o v i d e  P f o r  p l a n t s .  T h e r e  I s  a b u n d a n t  e v i d e n c e  t h a t  t h e  
I m m e d i a t e  s o u r c e  o f  P f o r  p l a n t s  g r o w i n g  I n  s o i l s  I s  t h e  s o i l  
s o l u t i o n  ( F o x  and S e a r l e ,  1 9 7 8 ) .  F u r t h e r m o r e ,  a c l o s e  
r e l a t i o n s h i p  e x i s t s  be tween  P I n  s o l u t i o n  and  P I n  t h e  s o r b e d  
s t a t e :  t h e  q u a n t i t y  o f  P s o r b e d  v a r y i n g  d i r e c t l y  w i t h  t h e
c o n c e n t r a t i o n  o f  P I n  s o l u t i o n .  T h i s  r e l a t i o n s h i p  was used 
by Fox and Ka m p r a t h  ( 1 9 7 0 )  t o  p l o t  P s o r p t i o n  c u r v e s  t h a t  
p r o v i d e  a b a s i s  f o r  d e t e r m i n i n g  t h e  amount  o f  P n e c e s s a r y  t o  
m a i n t a i n  a g i v e n  l e v e l  o f  P I n  s o l u t i o n .
me th ods  have  been d e v i s e d ,  howeve r  n o t  a l l  o f  them a r e
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a p p r o p l a t e  f o r  a l l  s o i l  c o n d i t i o n s .  S o i l  p r o p e r t i e s  t h a t  
I n f l u e n c e  P e x t r a c t a b 1 1 I t y  v a r y  f r om  s i t e  t o  s i t e  and t h u s  an 
e x t r a c t a n t  t h a t  wo r k s  w e l l  on one s i t e  may no t  do so a t  
a n o t h e r  l o c a t i o n .
B r a y  ( 1948)  p o i n t e d  o u t  t h a t  a. s u c c e s s f u l  l a b o r a t o r y  
e x t r a c t a n t  s h o u l d  meet  t h r e e  c r i t e r i a ;
1 .  I t  must  e x t r a c t  a l l  o r  a p r o p o r t i o n a t e  p a r t  o f  t h e
-a
a v a i l a b l e  f o r m s  o f  n u t r i e n t s  I n  s o i l s  w i t h  w i d e l y  
d i f f e r e n t  p r o p e r t i e s .
2 .  The p r o c e d u r e  must  be r a p i d  and a c c u r a t e .
3 .  Amounts  o f  n u t r i e n t  e x t r a c t e d  s h o u l d  c o r r e l a t e  w i t h  
t h e  g r o w t h  and r e s p o n s e  o f  each c r o p  t o  t h e  n u t r i e n t  
I n  q u e s t i o n  unde r  v a r i o u s  c o n d i t i o n s .
Most  s o i l  t e s t s  do n o t  meet  t h e  c r i t e r i a  g i v e n  by B r a y .  
The mos t  w i d e l y  used  s o i l  P t e s t s  a r e ;  O l s e n  ( O l s e n ,  C o l e ,  
W a t a n a b e ,  and  Dean ,  1 9 5 4 ) ,  B r ay  and K u r t z  No .  1 ( B r a y  and  
K u r t z ,  1 94 5 )  and  M e h l l c h  No .  1 ( N e l s o n ,  M e h l l c h ,  and W i n t e r s ,
1 9 5 3 ) .  The O l s e n  m e t h o d ,  w h i c h  uses  0 . 5  M NaHCOj a d j u s t e d  
t o  pH 8 . 5  as e x t r a c t a n t ,  seems t o  have  t h e  w i d e s t  
a p p l i c a t i o n .  T h i s  me thod  n o t  o n l y  e x t r a c t s  c a l c i u m  and  
a l u m i n u m  p h o s p h a t e  b u t  a l s o  I r o n  p h o s p h a t e .  On t h e  o t h e r  
h a n d ,  t h e  M e h l l c h  me thod  w h i c h  uses  a s o l u t i o n  0 . 0 5  JJ w i t h  
r e s p e c t  t o  HCI and 0 . 0 2 5  l i  w i t h  r e s p e c t  t o  H2 $ 0 ^ as 
e x t r a c t a n t ,  and  t h e  B r ay  me thod  wh i c h  uses  a s o l u t i o n  0 . 0 3  
w i t h  r e s p e c t  t o  NH^F and 0 . 0 2 5  II w i t h  r e s p e c t  t o  HCI
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as e x t r a c t a n t ,  a r e  e f f e c t i v e  I n  e x t r a c t i n g  o n l y  c a l c i u m  and 
a l u m i n u m  p h o s p h a t e .  Due t o  such p r o b l e m ,  t h e  a l k a l i n e  O l s e n  
me thod  I s  b e c o m i n g  more  w i d e l y  used and p r e d i c t s  y i e l d  
r e s p o n s e  o f  s e v e r a l  c r o p s  o v e r  a r a n g e  o f  s o i l s  (Rudd  and 
F r e n c h ,  1 9 7 6 ) .
The s i m p l e s t  c o n c e p t  o f  d e t e r m i n i n g  P I n  s o i l s  I s
•  V
p r o b a b l y  P c o n c e n t r a t i o n  I n  t h e  s o i l  s o l u t i o n  o r  I n  w a t e r  
e x t r a c t s .  T h i s  m e a s u r e s  an I n t e n s i t y  f a c t o r .  T h i s  can be 
done  by e q u i l i b r a t i n g  s o i l  s a m p l e s  w i t h  w a t e r  o r  u s i n g  w a t e r  
t o  d i s p l a c e  s o l i  s o l u t i o n  f r om  a s o i l  c o l u m n .
R e c e n t  s o i l  P r e s e a r c h  I n  H a w a i i  has c o n c e n t r a t e d  on t h e  
use o f  P s o r p t i o n  I s o t h e r m s  as a b a s i s  t o  d e t e r m i n e  P 
r e q u i r e m e n t s  o f  s o i l s  ( F o x  and K a m p r a t h ,  1 9 7 0 ;  R a j a n ,  1 9 7 3 ;  
S i l v a  and F o x ,  1 9 7 4 ;  Fox  and  S e a r l e ,  1 9 7 8 ;  P e a s l e e  and F o x ,  
1 9 7 8 ;  V a n d e r  Z aag  e t  a l . ,  1 9 7 9 ;  F o x ,  1 9 8 1 ) .
P h o s p h o r u s  s o r p t i o n  I s o t h e r m s . E a r l y  I n t e r e s t  on t h e  
use o f  P s o r p t i o n  I s o t h e r m s  as  a P - t e s t  was s t i m u l a t e d  by 
B e c k w i t h  ( 1 9 6 5 )  who p r o p o s e d  a s t a n d a r d  e q u i l i b r i u m  
c o n c e n t r a t i o n  t o  compa re  t h e  s o r p t i o n  c a p a c i t i e s  o f  s o i l s .
He s u g g e s t e d  a s t a n d a r d  c o n c e n t r a t i o n  o f  0 . 2  ug P/ml I n  t h e  
s o i l  s o l u t i o n  be c a u s e  t h i s  I s  a d e q u a t e  f o r  mos t  p l a n t  
s p e c i e s .  Much c o n f u s i o n  has  d e v e l o p e d  be c aus e  some 
s c i e n t i s t s  I n t e r p r e t e d  B e c k w i t h ' s  s t a n d a r d  c o n c e n t r a t i o n  as a 
P r e q u i r e m e n t  f o r  a l l  c r o p s .  Fox ( 1 9 7 9 )  and  Va nde r  Z aag
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( 1 9 7 9 )  h ave  shown t h a t  many c r o p s s  r e q u i r e  l e s s  P In  s o l u t i o n  
and  some r e q u i r e  m o r e .  By no m e« ns  I s  t h i s  c o n c e n t r a t i o n  a 
u n i v e r s a l  P r e q u i r e m e n t  f o r  c r o p y s .
The I m p o r t a n t  f e a t u r e  abouT" P s o r p t i o n  I s o t h e r m s  I s  t h a t  
t h e y  r e l a t e  t h e  I n t e n s i t y  and  c s i p a c l t y  f a c t o r s  o f  P 
n u t r i t i o n ;  t h e  I n t e r c e p t  a t  zercp  P s o r p t i o n  I s  an e s t i m a t e  o f  
P I n  t h e  s o i l  s o l u t i o n  ( a n  I n t e n n s l t y  f a c t o r )  and  t h e  s l o p e  o f  
t h e  c u r v e  I s  d i r e c t l y  p r o p o r t  I a m a l  t o  t h e  b u f f e r i n g  c a p a c i t y  
o f  t h e  s o i l  ( c a p a c i t y  f a c t o r ) .  Fox  and Ka m p r a t h  ('1 9 7 0 )  g a v e  
t h e  p r o c e d u r e  f o r  p l o t t i n g  P s o r - p t l o n  c u r v e s .  The v a l u e s  o f  
P s o r b e d  a r e  p l o t t e d  a g a i n s t  1 0 / 3  P I n  an e q u i l i b r i u m  
s o l u t i o n ,  u s u a l l y  when t h i s  I s  done  a smooth P s o r p t i o n  c u r v e  
I s  o b t a I n e d .
A se cond  I m p o r t a n t  f e a t u r e  o f  P s o r p t i o n  c u r v e s  I s  t h a t  
P f e r t l I z e r  r e q u i r e m e n t s  t o  a t 1" s l n  s t a n d a r d  c o n c e n t r a t i o n s  I n  
t h e  s o l i  s o l u t i o n  can be e s t lme-Ted  d i r e c t l y .  S o r p t i o n  c u r v e s  
h a v e  been used  t o  p r e d i c t  t h e  F  r e q u i r e m e n t  o f  s e v e r a l  c r o ps  
g r o w i n g  I n  d i v e r s e  s o i l s  ( O z a n n «  and Shaw ,  1 9 6 8 ;  Fox and  
K a m p r a t h ,  1 9 7 0 ;  Jones  and  B e n s o n ,  1 9 7 5 ;  Juo and F o x ,  1 9 7 7 ;  
Va nd e r  Z a a g  e t  a l . ,  1 9 7 9 ;  Fox  1 5 8 1 ;  e t c ) .
d e t e r m i n e d  t h a t  P s o r p t i o n  I s  r e l a t e d  t o  c h a r g e  
c h a r a c t e r i s t i c s  o f  s o i l  p a r t i c l e  s u r f a c e s  (M e k a ru  and Ueha r a ,  
1 9 7 2 ;  L a r s e n ,  1 9 6 7 ) .  These  s u r t a c e s  f a l l  i n t o  two
25
c a t e g o r i e s ;  t h o s e  d o m i n a t e d  by v a r i a b l e  c h a r g e  m a t e r i a l s  
( h i g h l y  w e a t h e r e d  s o i l s )  and  t h o s e  d o m i n a t e d  by m a t e r i a l s  
w i t h  c o n s t a n t  c h a r g e  ( n o t  so h i g h l y  w e a t h e r e d  s o i l s ) .  The 
v a r i a b l e  c h a r g e  m a t e r i a l s  I n c l u d e  o r g a n i c  m a t t e r ,  s i l i c a  and 
h y d r a t e d  o x i d e s  o f  I r o n  and a l u m i n u m .  R a j a n  and Fox ( 1 9 7 5 )  
e m p h a s i z e d  t h e  I m p o r t a n c e  o f  i r o n  and a l u m i n u m  compounds  I n  P 
s o r p t i o n  by s o i l s  o f  t h e  t r o p i c s .  P a r f l t t  e t  a l .  ( 1 9 7 5 )  
d e s c r i b e d  t h e  mechan i sm  o f  P f i x a t i o n  by I r o n  o x i d e s .  A 
p o s s i b l e  mech an i sm  f o r  P s o r p t i o n  I s  t h a t  p h o s p h a t e  r e p l a c e s  
h y d r o x y l  l i g a n d s  t o  become c h e m l s o r b e d  t o  t h e  h y d r a t e d  o x i d e  
s u r f a c e  ( M a t t i n g l y ,  1 9 7 5 ) .
F a c t o r s  I n f l u e n c i n g .  P.. s o r p t  I o n . Many f a c t o r s  o f  s o i l  
m i n e r a l o g y ,  c h e m i s t r y  and managemen t  a r e  I n t e g r a t e d  I n  P 
s o r p t i o n  I s o t h e r m s .  S o i l  t e x t u r e  I n f l u e n c e s  P a d s o r p t i o n  
c a p a c i t y  o f  s o i l s  b e c a u s e  s o i l  t e x t u r e  and  s p e c i f i c  s u r f a c e  
a r e  c l o s e I y  r e  I a t e d .
Fox  and  S e a r l e  ( 1 9 7 8 )  r a n k e d  p h o s p h o r u s  s o r p t i o n  by 
s o i l s  o f  t h e  t r o p i c s  a c c o r d i n g  t o  m i n e r a l o g y  as f o l l o w s ;  
q u a r t z  = a l u m i n u m  f r e e  o r g a n i c  m a t t e r  < 2 ; 1  c l a y s  < 1 ; 1  c l a y s  
< c r y s t a l l i n e  o x i d e  o f  I r o n  and a l u m i n u m  < amo rp hou s  o x i d e s  
o f  a l u m i n u m  and I r o n .  Juo and Fox ( 1 9 7 7 )  q u a n t i f i e d  t h e s e  
r e l a t i o n s h i p s  as f o l l o w s ;
27
S t a n d a r d  P S o r p t i o n  
--- ug P/g s o l  1----
P S o r p t i o n  
G roup
Usu a l  M i n e r a l o g y  
e n c o u n t e r e d
< 1 0 v e r y  low q u a r t z ,  o r g a n i c  
m a t e r  I a 1s
1 0  - 1 0 0 1 ow 2 : 1  c 1 ay s ,  q u a r t z  
1 : 1  c 1 ays
100 - 500 medI  urn 1 : 1  c l a y - o x I d e s
500 - 1000 h i g h c r y s t a l l i n e *  o x i d e s
> 1 0 0 0 v e r y  h i g h d e s l l l c a t e d  amo rphou s  
m a t e r  I a 1s
o t h e r  f a c t o r s  w h i c h  i n f l u e n c e  P s o r p t i o n  a r e :  t i m e ,
t e m p e r a t u r e ,  w a t e r  c o n t e n t ,  m i x i n g ,  s u p p o r t i n g  e l e c t r o l y t e ,  
s o i l  pH,  I o n i c  c o m p e t i t i o n  f o r  a d s o r p t i o n  s i t e s ,  d e s l l l c a t l o n  
o f  s o i l s  and  s u r f a c e  a r e a  f o r  a d s o r p t i o n .  The I n f l u e n c e  o f  
each  o f  t h e s e  f a c t o r s  on P s o r p t i o n  we re  d i s c u s s e d  by Fox and  
S e a r l e  ( 1 9 7 8 ) .
E x t e r n a l  P r e q u i r e m e n t s . The t e rm  " e x t e r n a l  P 
r e q u i r e m e n t "  a r o s e  as  a r e s u l t  o f  t h e  f a c t  t h a t  t h e  g r o w t h  o f  
p l a n t s  I s  r e l a t e d  t o  t h e  c o n c e n t r a t i o n  o f  P I n  s o l u t i o n .  I t  
has  been used t o  d e s i g n a t e  t h e  c o n c e n t r a t i o n  o f  P I n  s o l u t i o n  
r e q u i r e d  f o r  95$ maximum y i e l d .  For  e x a m p l e .  Fox and 
K am p r a t h  ( 1 9 7 0 )  r e p o r t e d  t h a t  y i e l d s  o f  m i l l e t  g r own  In  p o t s
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on t h r e e  s o i l s  r e q u i r e d  a c o n c e n t r a t i o n  o f  a p p r o x i m a t e l y  0 . 2  
ug P/ml I n  t h e  s o i l  s o l u t i o n  t o  a t t a i n  95$ max imum y i e l d .
F u r t h e r  s t u d i e s  I n  H a w a i i  h ave  d e t e r m i n e d  t h a t  t h e  
e x t e r n a l  P r e q u i r e m e n t  o f  c r o p s  v a r i e s  w i t h  t h e  s p e c i e s  and 
t h e  c u l t l v a r  g r own  (F o x  e t  a l . ,  1 9 7 4 ;  N l s h l m o t o  e t  a l . ,  1 9 7 7 ;  
V a n d e r  Z a a g ,  1 9 7 9 ) .  R a j a n  ( 1 9 7 3 ) ,  r e p o r t e d  t h a t  t h e
• V
c o n c e n t r a t i o n  o f  P I n  s o l u t i o n  r e q u i r e d  by m i l l e t  t o  a t t a i n  
max imum g r o w t h  r a n g e d  f r om  0 . 0 2 2  t o  0 . 6  ug/ml  when g r own  I n  
p o t s  on d i f f e r e n t  H a w a i i a n  s o i l s .  He c o n c l u d e d  t h a t  t h i s  
r e q u i r e m e n t  was I n v e r s e l y  r e l a t e d  t o  P s o r p t i o n  c a p a c i t y  o f  
t h e  s o i l s .  H i s  c o n c l u s i o n  I s  I n  a c c o r d a n c e  t o  t h a t  o f  
W o o d r u f f  and Ka m p r a t h  ( 1 9 6 5 )  who r e p o r t e d  t h a t  t h e  g r o w t h  o f  
m i l l e t  was r e l a t e d  t o  t h e  d e g r e e  o f  s a t u r a t i o n  o f  P 
a d s o r p t i o n  max imum .  S o i l s  w i t h  a l a r g e  P a d s o r p t i o n  max imum 
r e q u i r e  a l o w e r  P s a t u r a t i o n  t h a n  s o i l s  w i t h  low a d s o r p t i o n  
max imum .  These  c o n c l u s i o n s  p r o b a b l y  a p p l y  t o  p o t  s t u d i e s  
w he r e  t h e  b a r r i e r  e f f e c t  o f  po t  w a l l s  a d v e r s e l y  I n f l u e n c e s  P 
u p t a k e  ( F o x  and K a m p r a t h ,  1 9 7 0 ) .
Fox e t  a l .  ( 1 9 7 4 )  r e p o r t e d  t h a t  c o r n  g r own  on two  s o i l s  
r e q u i r e d  0 . 0 5  ug P/ml I n  t h e  s o i l  s o l u t i o n .  N l s h l m o t o  e t  a l .  
1977 r e p o r t e d  t h e  P c o n c e n t r a t i o n  I n  t h e  s o i l  s o l u t i o n  
r e q u i r e d  by s e v e r a l  v e g e t a b l e s  t o  a t t a i n  9 5 $ max imum y i e l d ;  
mos t  v e g e t a b l e s  r e q u i r e d  be tween  0 . 2  and 0 . 3  ug P / m l .  For  
e x a m p l e  t h e  e x t e r n a l  P r e q u i r e m e n t  o f  t o m a t o ,  C h i n e s e  
c a b b a g e ,  s o y b e a n  and cucumber  was 0 . 2  ug P / m l ,  w h i l e  t h a t  o f
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head  l e t t u c e ,  l e a f  l e t t u c e  and e gg  p l a n t  was 0 . 3  ug P / m l .  In 
a n o t h e r  s t u d y ,  N I s h l m o t o  e t  a l  ( 1 9 7 5 )  c o n c l u d e d  t h a t  t h e  
e x t e r n a l  P r e q u i r e m e n t  o f  c h r y s a n t h e m u m s  was 0 . 0 5  ug P / m l .  
Va n d e r  Z a a g  e t  a l . ( 1 9 7 9 )  r e p o r t e d  t h a t  t h e  e x t e r n a l  P 
r e q u i r e m e n t  o f  p o t a t o e s  g r own  u nd e r  d i v e r s e  s o i l  and  c l i m a t i c  
c o n d i t i o n s  was 0 . 2  ug P / m l .  Memon ( 1 9 8 2 )  d e t e r m i n e d  t h e  
e x t e r n a l  P r e u l r e m e n t  o f  f o u r  c e r e a l  c r o p s  as f o l l o w s :  w h e a t
0 . 0 2 5  ug/ml  ,  m i l l e t  0 . 0 1 8  u g / m l , s o r ghum 0 . 0 2 1  u g / m l ,  and 
m a l z e 0 . 0 1 8 u g / m l .
The e x t e r n a l  P r e q u i r e m e n t  o f  c r o p s  i s  I n f l u e n c e d  by 
many s o i l ,  p l a n t  and  mana gemen t  f a c t o r s .  R e c e n t l y  P e a s l e e  
and Fox ( 1 9 7 8 )  and  Fox ( 1 9 7 9 ,  1 9 8 1 b )  d i s c u s s e d  t h o s e  f a c t o r s  
I n  d e t a i l .  Among t h e  s o i l  f a c t o r s  t hey  I n c l u d e d ;  b u f f e r i n g  
c a p a c i t y  o f  t h e  s o i l  f o r  P and q u a n t i t y  o f  l a b i l e  P,  s o i l  
f a c t o r s  a s s o c i a t e d  w i t h  r o o t  d e v e l o p m e n t ,  m y c o r r h l z a l  
a s s o c i a t i o n s ,  t e m p e r a t u r e ,  and  s p e c i e s  and c o n c e n t r a t i o n  o f
s a l t s  I n  s o i l  s o l u t i o n .  P l a n t  f a c t o r s  I n c l u d e d :  y i e l d
p o t e n t i a l  o f  t h e  c r o p ,  d i f f e r e n t i a l  u p t a k e  o f  c a t i o n s  by 
p l a n t s ,  e f f e c t i v e n e s s  o f  r o o t s  and a s s o c i a t e d  m y c o r r h l z a  I n  P
u p t a k e ,  and i n t e r a c t i o n s  o f  r o o t s  w i t h  s o l l d - p h a s e  P.
Managemen t  f a c t o r s  t h e y  m e n t i o n e d  t h e  v o l u m e  o f  s o i l
y
f e r t i l i z e d  and p l a c e m e n t  o f  f e r t i l i z e r  w i t h  r e s p e c t  t o  r o o t s ,  
and t h e  t i m e  o f  f e r t i l i z a t i o n  I n  r e l a t i o n  t o  t h e  e x p e c t e d  
u t 1 I I z  a t  I o n .
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C r i t i c a l  l e v e l s  o f  s o i l  e x t r a c t a b l e  P . C r i t i c a l  
l e v e l s  o f  e x t r a c t a b l e  s o i l  P a r e  t h o s e  l e v e l s  a t  w h i c h  l i t t l e  
o r  no r e s p o n s e  t o  f e r t i l i z e r  P I s  o b t a i n e d  (K am p r a t h  and 
W a t s o n ,  1 9 8 0 ) .  O l s e n  e t  a l .  ( 1 9 5 4 )  r e p o r t e d  t h a t  a l e v e l  o f  
10 ppm N a H C O j - e x t r a c t a b I e  P was a d e q u a t e  f o r  t h e  g r o w t h  o f  
w h e a t ,  a l f a l f a ,  and  c o t t o n .  C r i t i c a l  l e v e l s  f o r  B r ay  No .  1 
method a r e  g e n e r a l l y  a r o u n d  25 ppm.
Thomas and P e a s l e e  ( 1 9 7 3 )  s u m m a r i z e d  t h e  c r i t i c a l  l e v e l s  
f o r  bo t h  t h e  O l s e n  and  B r a y  No .  I me thods  ( T a b l e  1 ) .
Su l  f u r
S u l f u r  has  been d e s c r i b e d  as a n e g l e c t e d  p l a n t  n u t r i e n t .  
I t s  e s s e n t i a l  n a t u r e  was d e m o n s t r a t e d  more  t h a n  a c e n t u r y  and  
a h a l f  a go  and y e t  t h i s  n u t r i e n t  h as  r e c e i v e d  o n l y  s p o r a d i c  
s t u d i e s  by a g r o n o m i s t s  ( J o r d a n ,  1 9 5 8 ) .
I n  s u r f a c e  s o i l s ,  s u l f u r  I s  p r e d o m i n a n t l y  I n  t h e  o r g a n i c  
f r a c t i o n ,  and  n a t i v e  s u p p l i e s  o f  s u l f u r  a r e  c l o s e l y  r e l a t e d  
t o  o r g a n i c  m a t t e r  l e v e l s .  N a t i v e  s u l f u r  I s  s u p p l e m e n t e d  by 
v a r i a b l e  a d d i t i o n s  o f  s u l f u r  f r om  r a i n w a t e r .  I r r i g a t i o n  
w a t e r ,  d i r e c t  a b s o r p t i o n  f r om  t h e  a t m o s p h e r e ,  f e r t i l i z e r s .  
I n s e c t i c i d e s ,  and  f u n g i c i d e s .
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Table 1.  Re l a t i v e  ca tego r i z a t i o n  of  P concentrat ions I nto  low 
medium, and h igh for  the Olsen and Bray No. 1 methods.
--------------------Ext ractant----------------
R e l a t i v e  0 .03 H NH/
Soi l  Level 0 .025 E HCI 0 . 5  M NaHCOj
'  e xt rac t ab l e  P In s o i l ,  ppm---------------
Low 0 - 1 5  0 - 5
Medium 16 - 30 * 6  - 10 '
High > 3 0  > 1 0
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The I n c i d e n c e  o f  S d e f i c i e n c y  In t h e  w o r l d  p r o b a b l y  i s  
more  c l o s e l y  r e l a t e d  t o  t h e  S c o n t e n t  o f  t h e  a t m o s p h e r e  
( p r e c i p i t a t i o n )  and  I r r i g a t i o n  w a t e r s  t h a n  t o  e d a p h l c  f a c t o r s  
( F o x ,  1 9 8 1 ) .  Thus S d e f i c i e n c y  I s  a m i n o r  p r o b l e m  I n  a r e a s  
whe re  g r e a t  q u a n t i t i e s  o f  f o s s i l  f u e l s  a r e  b u r n e d ,  bu t  
d e f i c i e n c i e s  a r e  w i d e s p r e a d  I n  t r o p i c a l ,  s u b t r o p i c a l ,  and  
warm t e m p e r a t e  a r e a s  w he re  t h e  S c o n t e n t s  o f  t h e  a t m o s p h e r e ,  
o f  r a i n w a t e r ,  o r  o f  I r r i g a t i o n  w a t e r s  a r e  l o w .
H i g h l y  w e a t h e r e d  s o i l s  o r  v a r i a b l e  c h a r g e  s o l ' l s  h a v e  a 
c a p a c i t y  t o  s o r b  s u l f a t e .  T h i s  g i v e  r i s e  t o  low s u l f a t e  
c o n c e n t r a t i o n s  I n  s o l u t i o n  and t h i s .  I n  t u r n ,  t o  S d e f i c i e n t  
c r o p s .
E x t r a c t a b I e .  S u l f u r . V a r i o u s  me th od s  h a v e  been used t o  
e x t r a c t  s u l f u r  f r om  s o i l s .  W i l l i a m s  and  S t e i n b e r g s  ( 1 9 5 9 )  
c ompa r ed  s e v e r a l  e x t r a c t i n g  p r o c e d u r e s .  The p r o c e d u r e s  
I n v e s t i g a t e d  I n c l u d e d ;  c o l d  w a t e r - e x t r a c t a b I e  s u l f a t e ,  
p h o s p h a t e - e x t r a c t a b I e  s u l f a t e ,  a c e t a t e - e x t r a c t a b I e  s u l f a t e ,  
h e a t - s o l u b l e  s u l f u r ,  h o t  w a t e r - e x t r a c t a b I e  s u l f a t e  and 
N a H C O j - e x t r a c t a b I e  s u l f a t e .  P h o s p h a t e - e x t r a c t a b I e  s u l f a t e  
c o r r e l a t e d  b e s t  w i t h  p l a n t  r e s p o n s e .
Fox e t  a l .  ( 1 9 6 4 )  c ompa r ed  s e v e r a l  e x t r a c t i o n  p r o c e d u r e s  
f o r  s o i l s  o f  N e b r a s k a  and  H a w a i i  and  d e t e r m i n e  c o r r e l a t i o n s  
be tween  e x t r a c t a b l e  s u l f u r  and y i e l d s  o f  a l f a l f a .  The 
me th od s  used f o r  e x t r a c t i n g  s o i l  S w e r e ;  h e a t  s o l u b l e  S
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( W i l l i a m s  and  S t e i n b e r g s ,  1 9 5 9 ) ,  KH2 P0 ^ e x t r a c t i o n
( E n s m l n g e r ,  1 9 5 4 ) ,  Ca (H 2 P0 ^ ) 2  e x t r a c t i o n  ( F o x ,  1 9 6 4 ) ,
and H2 O e x t r a c t i o n .  They f o u n d  t h a t  among t h e  v a r i o u s
e x t r a c t a n t s  C a (H - P O . ) o  e x t r a c t i o n  has  t h e  w i d e s t
2 4 2
a p p l i c a t i o n  o v e r  d i f f e r e n t  s o i l s  and b e s t  p r e d i c t e d  S u p t a k e  
by a l f a l f a .
»  V
S u l f u r  s o r p t i o n  c u r v e s . The use o f  s u l f u r  s o r p t i o n  
c u r v e s  as a r e s e a r c h  t e c h n i q u e  has g a i n e d  l i m i t e d  a c c e p t a n c e  
among s c i e n t i s t s  I n v o l v e d  I n  t h e  r e s e a r c h  o f  s u l f u r  I n  s o i l s  
t h a t  s o r b  s u l f a t e .  S u l f a t e  s o r p t i o n  c u r v e s  a r e  s i m i l a r  I n  
f o rm  t o  p h o s p h a t e  s o r p t i o n  c u r v e s  ( Fox  e t  a l . ,  1 9 7 1 ) ,  h oweve r  
s o r p t i o n  o f  P I s  much g r e a t e r  t h a n  S s o r p t i o n .
As w i t h  P s o r p t i o n  I s o t h e r m s ,  s u l f a t e  s o r p t i o n  c u r v e s  
c o m b i n e  t h e  I n t e n s i t y  and c a p a c i t y  f a c t o r s  o f  S p l a n t  
n u t r i t i o n ,  and  can  be used t o  d i r e c t l y  d e t e r m i n e  t h e  s u l f u r  
r e q u i r e d  by s o i l s  t o  a t t a i n  a p a r t i c u l a r  c o n c e n t r a t i o n  o f  S 
I n  s o l u t i o n .  The wo r k  o f  s e v e r a l  w o r k e r s  ( F o x ,  1 9 7 6 ;  H a s a n ,  
1 9 7 0 ;  Fox e t  a l . ,  1 9 7 6 ;  E r g l e  and E a t o n ,  1 9 5 1 ;  E l k i n s  and 
E n s m l n g e r ,  1 9 7 1 ;  D a l g g e r  and Fo x ,  1 9 7 1 ;  and  Fox e t  a l . ,  1 97 7 )  
I n d i c a t e s  t h a t  most  c r o p s  r e q u i r e  a p p r o x i m a t e l y  5 ppm SO^-S 
I n  t h e  s o i l  s o l u t i o n .  T h i s  c o n c e n t r a t i o n  I s  n o t  a u n i v e r s a l  
S r e q u i r e m e n t  f o r  c r o p s .  H o w e v e r ,  t h i s  s u l f u r  c o n c e n t r a t i o n  
seems t o  be a good  s t a n d a r d  f o r  c o m p a r i n g  t h e  s u l f u r  s o r p t i o n  
by d i f f e r e n t  s o i l s .
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The c a p a c i t y  o f  s o i l s  t o  s o r b  s u l f a t e  I s  r e l a t e d  t o  
w e a t h e r i n g  p r o d u c t s  ( H a s a n ,  1 9 7 0 ) .  Und e r  hu m i d  t r o p i c a l  
c o n d i t i o n s  p a r e n t  m a t e r i a l s  a r e  a l t e r e d  v e r y  r a p i d l y .  As 
w e a t h e r i n g  p r o g r e s s e s  t h e r e  I s  a heavy  l o s s  o f  s i l i c o n  and  
b a s e s ,  and t h e r e  I s  an a c c u m u l a t i o n  o f  Fe and Al  o x i d e s ,  t h u s  
t h e  r e s u l t i n g  s o i l s  h ave  l i t t l e  p e rm a n e n t  n e g a t i v e  c h a r g e  bu t  
a c o n s i d e r a b l e  p H - d e p e n d e n t  c h a r g e .  I f  s o i l s  a r e  v e r y  a c i d ,  
n e t  p o s i t i v e  c h a r g e  d e v e l o p s .  These  c o n d i t i o n s  r e s u l t  I n  t h e  
r e t e n t i o n  o f  s u l f a t e  as w e l l  as p h o s p h a t e .
F a c t o r s  I n f l u e n c i n g  S s o r p t i o n . S u l f a t e  s o r p t i o n  by 
s o i l s  I s  a f f e c t e d  by s e v e r a l  f a c t o r s .  Among t h e s e  f a c t o r s ,  
m i n e r a l o g y  I s  mos t  I m p o r t a n t .  Kamp r a t h  e t  a l .  ( 1 9 5 6 )  f o u n d  
t h a t  1 : 1  t y p e  c l a y  m i n e r a l s  s o r b  much more s u l f a t e  t h a n  2 : 1  
c l a y  m i n e r a l s .  I n  H a w a i i ,  Hasan  e t  a l .  ( 1 9 7 0 )  r e p o r t e d  t h a t  
s o i l s  composed  o f  1 : 1  c l a y - o x l d e s  s o r b e d  l e s s  s u l f a t e  t h a n  
t h e  c r y s t a l l i n e  o x i d e s ,  m o d e r a t e l y  w e a t h e r e d  v o l c a n i c  ash 
s o i l s ,  and d e s l l l c a t e d  amo rp hou s  m a t e r i a l  ( A n d e p t s ) .
H o w e v e r ,  t h e y  s o r b  more  t h a n  t h e  1 : 1  c l a y  and 2 : 1  c l a y  s o i l s  
r e p o r t e d  by K a m p r a t h .
S u l f a t e  a d s o r p t i o n  d e c r e a s e s  w i t h  I n c r e a s i n g  s o i l  pH 
r e g a r d l e s s  o f  t h e  s u l f a t e - s u l f u r  c o n c e n t r a t i o n  I n  t h e  s o i l  
s o l u t i o n  ( K a m p r a t h ,  1 9 5 6 ) .  Kamp r a t h  a l s o  r e p o r t e d  t h a t  t h e  
amount  o f  s u l f u r  s o r b e d  I n c r e a s e s  w i t h  i n c r e a s i n g  
c o n c e n t r a t i o n  o f  s u l f a t e  I n  s o l u t i o n  and d e c r e a s e d  w i t h
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I n c r e a s i n g  p h o s p h a t e  c o n c e n t r a t i o n  I n  s o l u t i o n .
SI 1 I con
S t u d i e s  on t h e  r o l e  o f  s i l i c o n  I n  p l a n t s  has  n o t  been 
s t u d i e d  I n  g r e a t  d e t a i l .  A l t h o u g h  s i l i c o n  I s  a c o n s t i t u e n t  
o f  p l a n t  a s h ,  a t t e m p t s  t o  e s t a b l i s h  an e s s e n t i a l  r o l e  I n  
p l a n t  g r o w t h  have  been u n s u c c e s s f u l  so f a r .  I f  as A y r e s  
( 1 9 4 3 )  s u g g e s t e d ,  t h a t  d e s l l i c a t l o n  I s  t h e  d o m i n a n t  t y p e  o f  
w e a t h e r i n g  and s o i l  f o r m i n g  p r o c e s s  I n  H a w a i i ,  t h e  
c o n c e n t r a t i o n  o f  SI I n  s a t u r a t i o n  e x t r a c t s  o f  s o i l s  s h o u l d  
p r o v i d e  an I n d e x  o f  t h e  s t a g e  o f  w e a t h e r i n g  t h a t  s o i l s  h ave  
a t t a i n e d  and SI  c o n c e n t r a t i o n  s h o u l d  c o r r e s p o n d .  I n  a g e n e r a l  
w a y ,  t o  s e v e r a l  a t t r i b u t e s  o f  s o i l  f e r t i l i t y ,  n ame l y  P 
s o r p t i o n ,  P s o l u b i l i t y ,  Al s a t u r a t i o n ,  and  SO^-S s o r p t i o n .
R e l a t i o n s h i p  be tween  s o i l  p r o p e r t i e s  and s o i l  s i l i c o n  
so I u b I  I I t y . The c o n d i t i o n s  f o u n d  I n  t h e  hum i d  t r o p i c s  
r e s u l t  I n  I n t e n s e  w e a t h e r i n g ,  w i t h  t h e  f o r m a t i o n  o f  1 : 1  c l a y  
m i n e r a l s  such as k a o l l n l t e ,  and as w e a t h e r i n g  p r o c e e d s  
f u r t h e r ,  f r e e  o x i d e s  o f  I r o n ,  a l u m i n u m  and t i t a n i u m  
a c c u m u l a t e  ( S h e rm a n ,  1 9 4 9 ) .  P l u c k n e t t  ( 1 9 7 2 )  c o n c l u d e d  t h a t  
t h e  s i l i c o n  r e s p o n s e  In  s o i l s  f o l l o w s  t h e  r a i n f a l l  p a t t e r n  
w h i c h  t o  a l a r g e  e x t e n t  d e t e r m i n e s  t h e  d e g r e e  o f  w e a t h e r i n g .  
Fox ( 1 9 8 1 )  c o n c l u d e d  t h a t  s i l i c o n  In  s a t u r a t i o n  e x t r a c t s
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s h o u l d  g i v e  a b e t t e r  e v a l u a t i o n  o f  t h e  s t a t e  o f  w e a t h e r i n g  
t h a n  s i l i c o n  I n  a 1 : 1 0  s o I I : w a t e r  e x t r a c t  b e c a u s e ,  a l t h o u g h  
s o i l s  w h i c h  h av e  an a b u n d a n c e  o f  s a n d - s i z e d  q u a r t z  l a c k  t h e  
c a p a c i t y  t o  s u p p l y  s i l i c o n  a t  h i g h  c o n c e n t r a t i o n  t o  l a r g e  
v o l u m e s  o f  e x t r a c t a n t ,  s a t u r a t i o n  e x t r a c t s  o f  such s o i l s  
u s u a l l y  c o n t a i n  a m p l e  SI f o r  s o i l s .  So on e  m i g h t  e x p e c t  
g r e a t e r  r e s p o n s e s  by c r o p s  t o  s i l i c o n  a p p l i c a t i o n s  on h i g h l y
I
w e a t h e r e d ,  s i l i c o n - d e p l e t e d  s o i l s  o f  t h e  h i g h  r a i n f a l l  
r e g i o n s  t h a n  on s o i l s  d o m i n a t e d  by q u a r t z .
Crop  r e s p o n s e  t o  s i l i c o n  a p p l i c a t i o n s  have  been r e p o r t e d  
I n  H a w a i i  as w e l l  as I n  o t h e r  t r o p i c a l  a r e a s  o f  t h e  w o r l d .  
E x a m p l e s  o f  r e s p o n s e  have  been  r e p o r t e d  I n  H a w a i i  ( C l e m e n t s ,  
1 9 5 6 a ;  A y r e s ,  1 9 5 6 ;  Fox  e t  a l . ,  1 9 6 7 b ;  She rman  e t  a l . ,  1964  
and  M e d i n a ,  1 9 8 1 ) ;  A u s t r a l i a  ( B e c k w i t h  and  R e e v e ,  1 9 6 4 ) ;  
M a u r i t i u s  ( H a l a l s  and  P a r i s h ,  1 9 6 3 ;  H a l a l s ,  1 9 6 8 ) ;  T a i w a n  
( S h i n e ,  1 9 6 4 ) ;  P u e r t o  R i c o  ( A l e x a n d e r ,  1 9 6 8 a ) ;  S am ue l s  and 
A l e x a n d e r ,  1 968 )  and  F l o r i d a .
The c o n c e n t r a t i o n  o f  s i l i c a  I n  s o i l  s o l u t i o n s  v a r i e s  
among s o i l s .  D i f f e r e n c e s  a r e  m a i n l y  r e l a t e d  t o  m i n e r a l o g y .  
Fox e t  a l .  ( 1 9 7 6 b )  r e p o r t e d  t h e  f o l l o w i n g  r a n k i n g  o f  s o i l s  
w i t h  m i n e r a l o g y  i n  r e s p e c t  t o  s i l i c o n  c o n t e n t  and s o l u b l l t y :  
2 : 1  c l a y s  > 1 : 1  c l a y s  > Al and Fe o x i d e s .
S i l i c o n  In  s o l u t i o n  I s  p r e s e n t  I n  t h e  f o rm  o f  
m o n o s l l l c i c  a c i d ,  S I ( O H ) ^ ,  a t  pH be l ow  9 ( A l e x a n d e r  e t  a l . ,
1 9 5 4 ) .  The s o l u b i l i t y  o f  s i l i c o n  I s  i n d e p e n d e n t  o f  pH I n  t h e
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r a n g e  o f  2 t o  9 ,  b u t  I n c r e a s e s  s h a r p l y  a bo ve  pH 9 b e c a u s e  o f  
t h e  f o r m a t i o n  o f  s i l i c a t e  I o n s .  T h i s  I n c r e a s e  I n  t o t a l  
s o l u b l e  s i l i c o n  a t  h i g h  pH can be e x p l a i n e d  on t h e  b a s i s  o f  
t h e  f o l l o w i n g  e q u i l i b r i u m ;
S K O H ) ^  + OH" == = = ( H O ^ S I O "  + H2 O ( A l e x a n d e r  
e t  a l  . 1 954 )  .
Howeve r  McKeague and C l i n e  ( 1 9 6 3 a , b )  r e p o r t e d  t h a t  by 
a d d i n g  v a r i o u s  c o n c e n t r a t i o n  o f  s o l u b l e  s i l i c o n  t o  s o i l s ,  t h e  
a d s o r p t i o n  o f  m o n o s l l l c i c  a c i d  I n c r e a s e d  t h r o u g h o u t  t h e  pH 
r a n g e  4 t o  9 .  They c o n c l u d e d  t h a t  a pH d e p e n d e n t  r e a c t i o n  I s  
I n v o l v e d  I n  c o n t r o l l i n g  t h e  c o n c e n t r a t i o n  o f  s i l i c o n  I n . t h e  
s o i l .
B e c k w i t h  and Reeve  ( 1 9 6 3 )  o b s e r v e d  t h a t  o x i d e s  o f  I r o n  
and  a l u m i n u m  s o r b e d  m o n o s l l l c i c  a c i d  f r om  s o l u t i o n ,  a nd  t h a t  
t h e  r e a c t i o n  was p H - d e p e n d e n t . Even t h o u g h  t h e  mech an i sm  o f  
r e a c t i o n  o f  m o n o s l l l c i c  a c i d  w i t h  e x c e s s  s e s q u l o x l d e s  does 
no t  a p p e a r  t o  have  been d e t e r m i n e d .  I t  I s  r e a s o n a b l e  t o  
assume t h a t  t h e  r e a c t i o n  w h i c h  o c c u r s  a t  o x i d e s  s u r f a c e s  I s  
s i m i l a r  t o  t h a t  be tween  I r o n  and p o l y s l l l c i c  a c i d .  T h i s  has 
been w r i t t e n  ( H e r ,  1 9 5 5 ) .
-Sl-OH + ( F e ( O H ) ) ^ ' ^  = = = = ( -S I - 0 -Fe  ( OH) ) "^ + H"^
Bgi i-eiJ.£l-al_ e i i e g t ^ _ _ o f ,  . 5 I I I c o n aopJ J c ^ t  I o n s f o r  p l a n t  
g r o w t h . S u g a r c a n e  p l a n t a t i o n s  o f  H a w a i i  a p p l y  c a l c i u m
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s i l i c a t e s  t o  s o i l s  t h a t  a r e  s i l i c o n  d e f i c i e n t .  M ed i n a  ( 1 9 8 1 )  
s u m m a r i z e d  t h e  wo r k  o f  Ay r es  ( 1 9 6 6 ) ,  Fox e t  a l .  ( 1 9 6 7 a ) ,
S i l v a  ( 1 9 7 1 ) ,  I k aw a  ( 1 9 5 6 ) ,  M a h l l u m  e t  a l . ( 1 9 7 0 ) ,  C l e m e n t s  
( 1 9 5 6 a ) ,  C l e m e n t s  e t  a l .  ( 1 9 6 7 ) ,  and Fox e t  a l .  ( 1 9 7 8 )  on t h e  
b e n e f i c i a l  e f f e c t s  o f  s i l i c a t e  a p p l i c a t i o n s  as f o l l o w s ;
1 .  I n c r e a s e d  so 11 pH.
2 .  I n c r e a s e d  c a l c i u m  l e v e l s .
3 .  D e c r e a s e d  p h o s p h o r u s  f i x a t i o n . /
4 .  I n c r e a s e d  a v a i l a b i l i t y  o f  s o i l  p hospho rus* .
5 .  I n c r e a s e d  p l a n t  r e s i s t a n c e  t o  I n s e c t s  and d i s e a s e s .
6 . D e c r e a s e d  p o t e n t i a l l y  t o x i c  e l e m e n t s  such  as I r o n ,
a l u m i n u m  and  mang anese
I n c r e a s e d  I n  s u g a r  y i e l d s  I n  H a w a i i  h ave  been r e p o r t e d  
by Sherman  e t  a l . ,  1 9 6 4 ;  A y r e s ,  1 9 6 6 ;  C l e m e n t s ,  1956 a , b ;  Fox 
e t  a l . ,  1967 b .  P l u c k n e t t  ( 1 9 7 2 )  r e p o r t e d  t h a t  g r e a t  s o i l  
g r o u p s  on w h i c h  s i l i c o n  r e s p o n s e s  have  been o b t a i n e d  I n  
H a w a i i  I n c l u d e ;  Hum ic  l a t o s o l ,  H y d r o l  Hum ic  l a t o s o l ,  
A l u m l n u o u s  F e r r u g i n o u s  l a t o s o l ,  and Humic  F e r r u g l o u n s  l a t o s o l  
( t o d a y  c l a s s i f i e d  as T r o p o h u m u I t s ,  H y d r a n d e p t s ,  G l b b s l h u m o x ,  
and A c r o h u m o x ,  r e s p e c t i v e l y ) .
E x t r a c t a b l e  so I I . s I  I I c o n . V a r i o u s  e x t r a c t a n t s  o f  s o i l  
s i l i c o n  have  been t e s t e d .  These  I n c l u d e ;  w a t e r ,  
p h o s p h a t e - a c e t a t e  (pH 3 . 5 ) ,  ammonium a c e t a t e  (pH 4 . 8 ) ,  and 
d i l u t e  s u l f u r i c  a c i d .  These  me thods  g i v e  v a l u a b l e
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I n f o r m a t i o n  a b o u t  t h e  a b i l i t y  o f  s o i l s  t o  s u p p l y  s i l i c o n  t o  
p l a n t s  ( F o x ,  1 9 6 7 b ) .  W a t e r  e x t r a c t a b l e  s i l i c o n  I n c l u d i n g  
s i l i c o n  I n  s a t u r a t i o n  e x t r a c t s ,  g i v e  a good I n d i c a t i o n  o f  t h e  
I n t e n s i t y  o f  s i l i c o n  n u t r i t i o n .
M e d i n a  ( 1 9 8 1 )  compa re d  t h r e e  m e t h o d s ;  w a t e r  e x t r a c t i o n ,  
ammonium a c e t a t e  e x t r a c t i o n ,  and s i l i c o n  I n  s a t u r a t i o n  
e x t r a c t s ;  and  d e t e r m i n e d  t h e i r  c o r r e l a t i o n  to* u p t a k e  o f  
s i l i c o n  by s u g a r c a n e .  He f o u n d  t h a t  w a t e r  e x t r a c t a b l e  
s i l i c o n  g a v e  t h e  b e s t  c o r r e l a t i o n  w i t h  p l a n t  u p t a k e  o f  
s i l i c o n ,  and t h i s  was f o l l o w e d  c l o s e l y  by s i l i c o n  I n  
s a t u r a t i o n  e x t r a c t s .  At  t h e  same t i m e  he r e p o r t e d  t h a t  
ammonium a c e t a t e  g a v e  po o r  c o r r e l a t i o n  be tween  s o i l  s i l i c o n  
and p l a n t  u p t a k e ,  h i s  r e s u l t s  a r e  I n  a c c o r d a n c e  w i t h  t h o s e  o f  
Fox ( 1 9 6 7 b ) .  M e d i n a  ( 1 9 8 1 )  s u g g e s t e d  t h a t  a p o s s i b l e  r e a s o n  
f o r  b e t t e r  c o r r e l a t i o n  o f  w a t e r  e x t r a c t a b l e  s i l i c o n  ( 1 ; 1 0  
r a t i o )  as compa re d  w i t h  s i l i c o n  In s a t u r a t i o n  e x t r a c t s  i s  
t h a t  a w i d e  r a t i o  o f  s o i l  t o  e x t r a c t a n t  p u t s  t h e  s o i l  u n de r  
some s t r e s s  and t h u s  t o  some e x t e n t  g i v e s  a mea s u re  o f  t h e  
s o i l  s i l i c o n  s u p p l y  o r  q u a n t i t y  f a c t o r ,  w h e r e a s  I n  t h e  case  
o f  s a t u r a t i o n  e x t r a c t s  t h e  s o l i  I s  u n d e r  no s t r e s s  and t h u s  
t h i s  method p r o v i d e s  o n l y  I n f o r m a t i o n  a b o u t  t h e  I n t e n s i t y  
f a c t o r  o f  s i l i c o n  n u t r i t i o n .
C r i t i c a l  l e v e l s  o f  e x t r a c t a b l e  s o l i  s i l i c o n  f o r  H a w a i i a n  
s o i l s  ( F o x  e t  a l . ,  1 9 6 7 b )  a r e  l i s t e d  I n  T a b l e  2 .
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Table 2 . Suggested l eve l s  of s o i l  s l l Icon In r e l a t i o n to sugarcane
Ext ractant
Water Ca(H2p04>2 HOAC2 H2 SO4
Low < 0 . 9
---------------------- --— ppm
< 50 < 2 0 < 40
Medium 0 . 9  - 2 50 - 150 2 0 - 4 0 40 - 100 V
High > 2 > 150 > 40 > 1 0 0
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S o i l  A c i d i t y ;  pH ,  E x c h a n g e a b l e  A l u m i n u m ,  B u f f e r i n g  C a p a c i t y
a nd  L i me  R e q u i r e m e n t
The l i m e  r e q u i r e m e n t  o f  a s o i l  u s u a l l y  I s  d e f i n e d  as t h e  
amoun t  o f  I I m I n g  m a t e r  I a I t h a t  mus t  be adde d  t o  a s o i l  t o  
r a i s e  pH t o  a p r e s c r i b e d  v a l u e .  P r e s c r i b e d  v a l u e s  a r e ^  
u s u a l l y  I n  t h e  r a n g e  pH 6  t o  7 ,  b e c a u s e  t h i s  Ls an 
e a s I  I y - a t t a I  nab I e  v a l u e  and I s  w i t h i n  t h e  op t imum g r o w t h  
r a n g e  o f  most  p l a n t s .  H o w e v e r ,  t h i s  d e f i n i t i o n  as s t a t e d  
s h o u l d  n o t  be used t o  d e f i n e  l i m e  r e q u i r e m e n t s  o f  a c i d  
t r o p i c a l  s o i l s .  A b e t t e r  g e n e r a l  d e f i n i t i o n  s h o u l d  s t a t e  
t h a t  t h e  d e s i r a b l e  pH I s  t h a t  one a t  w h i c h  t h e  a l u m i n u m  
a n d / o r  maganese  s a t u r a t i o n  I s  r e d u c e d  t o  such a l e v e l  as t o  
s u p p r e s s  t o x i c  e f f e c t s  on c r o p  p l a n t s .
S o i l s  a r e  p r o d u c t s  o f  w e a t h e r i n g  by w h i c h  e n v i r o n m e n t a l  
f a c t o r s  have  a c t e d  upon p a r e n t  m a t e r i a l s  t h r o u g h  t i m e  
(M c L e a n ,  1 9 7 1 ) .  The I n f l u e n c e  o f  t h e s e  f a c t o r s  I s  m o d i f i e d  
by t o p o g r a p h y  and b i o l o g i c a l  a c t i v i t y .  C o n d i t i o n s  f o r  
t r o p i c a l  s o l i  d e v e l o p m e n t  f a v o r  r a p i d  c h e m i c a l  d e c o m p o s i t i o n  
o f  t h e  o r i g i n a l  m i n e r a l s  o f  t h e  r o c k  ( M a t s u s a k a  and S he rman ,  
1 9 6 4 ) .  Two r e a c t i o n s  o c c u r  w i t h  t h e  d e c o m p o s i t i o n  o f  t h e  
o r i g i n a l  r o c k  m i n e r a l s ,  n a m e l y ;  a )  t h e  o r i g i n a l  m i n e r a l  
b r e a k s  down t o  s i m p l e  c o m p o n e n t s ,  and b)  t h e  s o l u b l e  
c o n s t i t u e n t s  ( t h e  b a s e s .  I n c l u d i n g  c a l c i u m )  a r e  l e a c h e d  by
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t h e  p e r c o l a t i n g  w a t e r ,  and t h e  r e m a i n i n g  c o n s t i t u e n t s  f o rm  
r e l a t i v e l y  s t a b l e  s i l i c a t e  c l a y  m i n e r a l s  o r .  I n  t h e  more 
h u m i d  r e g i o n s ,  f r e e  o x i d e s  o f  a l u m i n u m .  I r o n  and t i t a n i u m  
a c c u m u l a t e .  The c o m b i n e d  a c t i o n  o f  w e a t h e r i n g  ( a )  and 
l e a c h i n g  ( b )  has  I t s  g r e a t e s t  p o t e n t i a l  f o r  e x p r e s s i o n  I n  t h e  
d e v e l o p m e n t  o f  t r o p i c a l  s o i l s ,  and l e a d s  t o  s o i l  a c i d i t y  and 
a s s o c i a t e d  c o n d i t i o n s  n a m e l y ,  t o x i c  c o n c e n t r a t i o n s  o f  Al and 
Mn,  d e f i c i e n c i e s  o f  Ca and  Mg,  d e p l e t e d  K,  and  s o r p t i o n  o f  
p h o s p h a t e ,  s u l f a t e ,  and  m o l y b d a t e ,  w h i c h  I n  t u r n  c a u s e  low 
c r o p  y i e l d s  I n  much o f  t h e  hum i d  t r o p i c s  ( F o x ,  1 9 8 1 ) .
So l  I pH . T e s t s  o f  s o i l  a c i d i t y  we re  among t h e  f i r s t  
r o u t i n e  s o i l  t e s t s .  P e r h a p s  s o i l  pH p r o v i d e s  more 
I n f o r m a t i o n  a b o u t  s o i l  f e r t i l i t y  t h a n  any o t h e r  s i n g l e
m e a s u r e m e n t  ( F i t t s  and  N e l s o n ,  1 9 5 6 ) .
A g i v e n  pH d e t e r m i n a t i o n  I s  I n f l u e n c e d  by s e v e r a l  
f a c t o r s  I n c l u d i n g  t h e  s o l i ; w a t e r  r a t i o .  I n  g e n e r a l ,  pH 
d e t e r m i n a t i o n s  a r e  made a t  as low a d i l u t i o n  as p r a c t i c a l ,
s i n c e  d i l u t e  s a l t  c o n t e n t s  t e n d  t o  p r o d u c e  h i g h  v a l u e s .  Very
n a r r o w  r a t i o s  pose  p r o b l e m s  be c aus e  o f  I n c o m p l e t e  s o i l  
m i x i n g ,  po o r  e l e c t r i c a l  c o n t a c t ,  and d i f f i c u l t y  I n  r i n s i n g  
t h e  e l e c t r o d e s  be tween  s a m p l e s .  S o I I ; w a t e r  r a t i o s  o f  1 :1 o r  
1 : 2  a r e  g e n e r a l l y  u s e d .  S o i l  pH r e a d i n g s  a l s o  depend  on 
J u n c t i o n  p o t e n t i a l s .  S t a n d a r d i z e d  p r o c e d u r e s  s h o u l d  be 
f o l l o w e d .  I n c l u d i n g  k e e p i n g  t h e  s o i l  s u s p e n d e d  d u r i n g
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m e a s u r e m e n t .
S e v e r a l  f a c t o r s  i n f l u e n c e  t h e  c o n c e n t r a t i o n  o f  s o l u b l e  
s a l t s  I n  s o i l s .  These  f a c t o r s  c a u s e  s o l u b l e  s a l t  
c o n c e n t r a t i o n  t o  v a r y  c o n t i n u o u s l y  t h r o u g h o u t  t h e  y e a r .
Among t h e s e  f a c t o r s  a r e  t h e  amount  o f  r a i n  p e r c o l a t i n g  
t h r o u g h  t h e  s o i l  and t h e  r a t e  o f  n i t r i f i c a t i o n  i n  t h e  s o i l ,
so  t h a t  t h e  a p p a r e n t  pH o f  a s o i l  I s  o f t e n  h i g h e r  I n  we t
w e a t h e r  t h a n  I n  d r y  w e a t h e r ,  and  u n d e r  c r o p  t h a n  un d e r  f a l l o w  
( K a n e h i r o ,  M a t s u s a k a ,  and S he rman ,  1 9 5 1 ) .
Fo r  s e v e r a l  r e a s o n s  t h e  s o i l  pH u s u a l l y  c o n s i d e r e d  b e s t  
f o r  c r o p  p r o d u c t i o n  I s  be tween  6 . 5  and 7 . 0 .  Some o f  t h e  
r e a s o n s  as d i s c u s s e d  by McLean ( 1 9 7 1 )  f o l l o w ;
1.  The a v a i l a b i l i t y  o f  s o i l  s u p p l i e s  o f  Ca ,  Mg,  P,  K,
S,  B,  Cu,  and  Zn a r e  g r e a t e r  a t  pH r a n g e  6 . 5  t o  7 . 0 .
On t h e  o t h e r  h a n d ,  a t  t h i s  pH r a n g e  A l ,  Mn,  and  Fe 
t o x i c l t l e s  a r e  u n l i k e l y  t o  o c c u r .
2 .  At  h i g h e r  b ase  s a t u r a t i o n ,  Ca and Mg a r e  a d s o r b e d  a t  
p H - d e p e n d e n t  s i t e s  f a v o r i n g  h y d r o l y s i s  r e a c t i o n s  
w h i c h  I n c r e a s e  t h e  p l a n t  a v a i l a b i l i t y  o f  t h e s e  two 
n u t r I e n t s
3 .  At a h i g h e r  pH v a l u e ,  b i o l o g i c a l  a c t i v i t y  I s  more  
I n t e n s e ,  more  n i t r o g e n  I s  f i x e d  by s o i l  
m i c r o o r g a n i s m s ;  a n d ,  componen t  e l e m e n t s  a r e  r e l e a s e d  
by t h e  more r a p i d  d e c o m p o s i t i o n  o f  p l a n t  r e s i d u e s .
Work  p e r f o r m e d  o v e r  t h e  p a s t  s e v e r a l  y e a r s  has  c r e a t e d
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some d o u b t  a b o u t  t h e  need t o  l i m e  s o i l s  t o  pH 6 . 5  o r  h i g h e r .  
K am p r a t h  ( 1 9 7 0 )  c o n c l u d e d  t h a t  l i m i n g  O x i s o l s  and  U l t l s o l s  t o  
pH v a l u e s  g r e a t e r  t h a n  6 . 0  I s  no t  o n l y  u n n e c e s s a r y  b u t  I t  may 
be h a r m f u l .  In  h i s  o p i n i o n ,  t h e  pH o f  t h e  s o i l  s h o u l d  be 
r a i s e d ,  by a d d i t i o n  o f  l i m e ,  t o  a l e v e l  w h i c h  n e u t r a l i z e s  
e x c h a n g e a b l e  A l . ' Some o f  t h e  r e a s o n s  f o r  no t  b r i n g i n g  s o i l s
pH a b o v e  6 . 0 ,  as g i v e n  by Kamp r a t h  ( 1 9 7 1 )  a r e  as 
f  o I  I o w s ;
1 .  Reduced  w a t e r  p e r c o l a t i o n .
2 .  Reduced  g r o w t h  o f  l e gumes  and n o n - l e g u m e s .
3 .  Reduced p l a n t  u p t a k e  o f  p h o s p h o r u s ,  and
4 .  Reduced  mI c r o n u t r I e n t  u p t a k e .
Even t h o u g h  Kamp r a t h  ( 1 9 7 1 )  c o n c l u d e d  t h a t  f o r  t r o p i c a l  
r e g i o n s  l i m i n g  t o  n e u t r a l i t y  may be d e t r i m e n t a l ,  we must  no t  
f o r g e t  t o  l i m e .  Fox  and Munns ( 1 9 7 8 )  s u m m a r i z e d  t h e  e f f e c t s  
o f  l i m i n g .  They I n c l u d e d  t h e  f o l l o w i n g  among t h e  b e n e f i c i a l  
e f f e c t s  o f  I Im I n g ;
1 .  D e c r e a s e d  H Ion  a c t i v i t y .
2 .  D e c r e a s e d  Al and Mn t o x l c l t l e s .
3 .  I n c r e a s e d  Ca and Mg a v a i l a b i l i t y .
4 .  I n c r e a s e d  s o l u b i l i t i e s  and p l a n t  u p t a k e  o f
m o l y b d a t e ,  s u l f a t e ,  and p h o s p h a t e .
5 .  Im p r o ve d  s o i l  p h y s i c a l  p r o p e r t i e s ,  and
6 . B e n e f i t s  a s s o c i a t e d  w i t h  Ca as a c o m p l e m e n t a r y  Ion 
on t h e  c a t i o n  e x c h a n g e  c o m p l e x .
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They a l s o  p o i n t e d  o u t ,  t h a t  I n  s o i l s  o f  v a r i a b l e  c h a r g e .  
I n c r e a s i n g  pH I n c r e a s e s  e f f e c t i v e  c a t i o n  e x c h a n g e  c a p a c i t y ,  
t h e r e b y  r e t a r d i n g  l e a c h i n g  o f  K and  NH^ I o n s .
I n  H a w a i i  s o i l  pH I s  h i g h l y  c o r r e l a t e d  w i t h  t h e  d e g r e e  
o f  w e a t h e r i n g  and l e a c h i n g  t o  w h i c h  t h e  s o i l  has been 
e x p o s e d .  A y r e s  ( 1 9 4 3 )  o b s e r v e d  t h a t  s o i l s  f r om  t h e  hum i d  
d i s t r i c t s  he s t u d i e d  we r e  a l l  a c i d  and t h a t  t h e  pH r a n g e  In
t h e  s u r f a c e  s o i l s  was f r om  4 . 5  t o  6 . 0 .  He a l s o  o b s e r v e d✓
t h a t  t h e  s u b s o i l s  we re  l e s s  a c i d  t h a n  t h e  c o r r e s p o n d i n g  
s u r f a c e  s o i l s  w i t h  v e r y  few e x c e p t i o n s .  V a l u e s  I n  t h e  
s u b s o i l  r a n g e d  f r om  pH 4 . 7  t o  6 . 2 .
A g r o n o m i c  p r a c t i c e s  I n f l u e n c e  t h e  pH o f  s o i l s  and t h u s  
t h e y  a r e  I m p o r t a n t  and must  be c o n s i d e r e d  when I n t e r p r e t i n g  
pH v a l u e s .  Fo r  e x a m p l e ,  c u l t i v a t i o n  I n c r e a s e  s o i l  a c i d i t y  
( K a n e h i r o  e t  a l . ,  1 9 5 1 ) .  On t h e  o t h e r  h and l i m i n g  I n c r e a s e s  
s o i l  pH.
Even  t h o u g h  a meas u re m en t  o f  s o i l  pH I s  p r o b a b l y  t h e  
c h e m i c a l  d e t e r m i n a t i o n  made mos t  f r e q u e n t l y ;  and  a l t h o u g h  
u s u a l l y  I t  I s  t h e  f i r s t  meas u re m en t  made when a s o i l  s a m p l e  
I s  c o l l e c t e d ;  and even  t h o u g h  many o t h e r  s o i l  p r o p e r t i e s  a r e  
r e l a t e d  t o  pH;  c o r r e c t  I n t e r p r e t a t i o n  o f  s o i l  pH v a l u e s  may 
be d i f f i c u l t .  R u s s e l  ( 1 9 7 3 )  p o i n t e d  o u t  t h a t  t h e  pH o f  a 
s o i l  can  have  no p r e c i s e  s i g n i f i c a n c e  I n  a g r i c u l t u r a l  
p r a c t i c e .  T h i s  o f  c o u r s e  means t h a t  pH t a k e n  a l o n e ,  has  
l i m i t e d  v a l u e .  H oweve r ,  I f  t h e  pH v a l u e  I s  c o n s i d e r e d  i n
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c o m b i n a t i o n  w i t h  s o i l  m i n e r a l o g y ,  s o i l  c h e m i s t r y ,  and 
a g r i c u l t u r a l  p r a c t i c e s  I t  becomes v e r y  m e a n i n g f u l  d a t a .
E x c h a n g e a b l e  A l u m i n u m . A l t h o u g h  w e a t h e r e d  s o i l s  
f r e q u e n t l y  a r e  r i c h  I n  h y d r a t e d  o x i d e s  o f  a l u m i n u m  I t  does  
n o t  f o l l o w  t h a t  e x t r a c t a b l e  a l u m i n u m  I s  p r e s e n t  I n  p r o p o r t i o n  
t o  t h e  a b u n d a n c e  o f  f r e e  a l u m i n u m  o x i d e s  I n  s o i l s .  I n  f a c t ,  
g i b b s l t e  I s  much more  s t a b l e  I n  a c i d  s o i l  e n v i r o n m e n t s  t h a n  
a r e  t h e  l a y e r  s i l i c a t e  m i n e r a l s  ( F o x ,  1 9 8 2 ) .
Many a c i d  s o i l s  o f  t h e  t r o p i c s  a r e  c h a r a c t e r i z e d  by 
v a r I a b I  e - c h a r g e ,  low e f f e c t i v e  CEC, and h i g h  e x c h a n g e a b l e  
a l u m i n u m  s a t u r a t i o n .  In such  s o i l s  t h e  p r e s e n c e  o f  
e x c h a n g e a b l e  a l u m i n u m  a l o n g  w i t h  t h e  l o s s  o f  b a s i c  c a t i o n s ,  
Ca ,  Mg ,  K and  Na due t o  c o n t i n u o u s  l e a c h i n g  I s  r e s p o n s i b l e  
f o r  t h e  d e v e l o p m e n t  o f  a c i d i t y  ( K a m p r a t h ,  1 9 7 0 ) .  I f  a l u m i n u m  
I o n s  a r e  d i s p l a c e d  f r om  s u r f a c e s  by c a t i o n s  t h e y  h y d r o l l z e  I n  
t h e  s o i l  s o l u t i o n  and t h e  h y d r o l y s i s  p r o d u c t s  a r e  r e a d s o r b e d  
by t h e  c l a y  m i n e r a l s  c a u s i n g  f u r t h e r  h y d r o l y s i s .  H y d r o l y s i s  
o f  a l u m i n u m  I s  r e s p o n s i b l e  f o r  t h e  low pH o f  t h e  s o l u t i o n s  
c o n t a i n i n g  a l u m i n u m  I o n s  and f o r  t h e  b u f f e r  c a p a c i t y  o f  such 
s o l u t i o n s  (C o l eman  and Thomas ,  1 9 6 7 ) . .  The H I o n s  r e s u l t i n g  
f r om  t h e  h y d r o l y s i s  o f  a l u m i n u m  and I r o n  compounds  r e a c t  w i t h  
and decompose  s o i l  m i n e r a l s .  T h i s  c o n t i n u o u s  h y d r o l y s i s  o f  
Al and  Fe r e s u l t s  I n  an I n c r e a s e  I n  t h e  h y d r o g e n  I o n  
c o n c e n t r a t i o n  and t h u s  a r e d u c t i o n  on pH.  The r e a c t i o n  can
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be shown I n  a s i m p l i f i e d  f o r m  as f o l l o w s  ( Co l eman  and Thomas ,  
1 967 )  .
A l ^ ' ^  + H2 O  > Al  (OH)^"^ +
A K O H ) ^ ^  + H2 O  > A I ( 0 H ) 2 ‘^  + h'^
A I ( 0 H ) 2 ' * ’ + H2 O  > A I ( 0 H ) 3  + h'*’
H y d r o l y s i s  r e a c t i o n s  can c o n t i n u e  f u r t h e r  w i t h  t h e
f o r m a t i o n  o f :  A I ( O H ) g ^ ” + H^ ( McLean ,  1 9 7 6 ) .  Some o f
t h e  a I urn I n ohex ahy  d r o n  I urn I o n s ,  A I ( O H ) g ^ ” ,  may rema ' i n  I n
s o l u t i o n  b u t  most  o f  them a r e  a d s o r b e d  on c a t i o n  e x c h a n g e
s i t e s  f r o m  w h i c h  t h e y  a r e  e a s i l y  d i s p l a c e d  w i t h  o r d i n a r y
u n b u f f e r e d  s a l t  s o l u t i o n  such as 1,tl KC I ,  I f  t h e  pH I s  b e l ow
5 .  I f  t h e  pH I s  h i g h e r ,  OH-AI^'*'  o r  (OH)»-Al ' ^  I s  e i t h e r
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f o r me d  b e f o r e  o r  a f t e r  t h e  I o n s  a r e  a d s o r b e d  t o  t h e  c a t i o n  
e x c h a n g e s  s i t e s .  These  I o n s  p o l y m e r i z e  as c o n t i n u o u s  l a y e r s  
on t h e  I n t e r l a y e r  s u r f a c e  o f  c l a y  m i n e r a l s ,  or  t h e y  c o mp l e x  
w i t h  r e a c t i v e  g r o u p s  o f  o r g a n i c  c ompound s ,  n e i t h e r  o f  wh i c h  
a r e  e x c h a n g e a b l e  w i t h  u n b u f f e r e d  s a l t  s o l u t i o n s .  S i n c e  t h e s e  
I o n s ,  bo t h  as monomers  and as p o l y m e r s ,  a r e  o n l y  p a r t i a l l y  
m i n e r a l i z e d ,  t h e y  a r e  a c i d  and  hence  r e q u i r e  a base  such as 
l i m e  f o r  n e u t r a l i z a t i o n .  A l s o  when p o l y m e r i z e d  on t h e  
s u r f a c e  o f  c l a y  m i n e r a l s  o r  c o m p l e x e d  w i t h  o r g a n i c  m a t t e r ,  
t h e y  a r e  n o t  r e a d i l y  a c c e s s i b l e  and may no t  be n e u t r a l i z e d  
when l i m e  I s  a d d e d .  They o b s t r u c t  e x c h a n g e  s i t e s  on t h e  s o i l  
f o r  o t h e r  c a t i o n s .
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A d v e r s e  e f f e c t s  o f  Al on c r o p  g r o w t h  has  been 
e x t e n s i v e l y  I n v e s t i g a t e d  on O x l s o l s  and  U l t l s o l s  I n  P u e r t o  
R i c o  ( P e a r s o n ,  1 9 7 5 ) .  A d v e r s e  e f f e c t s  a r e  u s u a l l y  n o t e d  when 
s o i l  pH I s  5 . 5  o r  l e s s .  P e r c e n t a g e  a l u m i n u m  s a t u r a t i o n  
d e c r e a s e s  v e r y  r a p i d l y  as t h e  s o i l  pH a p p r o a c h e s  5 . 5  ( A y r e s
e t  a l . ,  1 9 6 5 ;  Fox e t  a l . ,  1 9 6 2 ;  P e a r s o n ,  1 9 7 5 ;  McLean ,  1 9 7 6 ) .
• 1
Above  pH 5 . 5  e x c h a n g e a b l e  Al I s  l ow and t h u s  I t s  d e t r i m e n t a l  
e f f e c t s  on p l a n t  g r o w t h  a r e  m l n l m a ' I .  Ba sed  on o b s e r v a t i o n s  
such  as t h e s e  Kamp r a t h  ( 1 9 7 0 )  p r o p o s e d  t h a t  e x t r a c t a b l e  Al 
s e r v e  as b a s i s  f o r  l i m i n g  s o i l s .
The wo r k  o f  A y r e s  ( 1 9 6 5 )  and h i s  c o w o r k e r s  on H a w a i i a n  
s o i l s  show t h a t  s m a l l  amoun t s  o f  Al  we r e  e x t r a c t e d  f r om  t h e  
s l i g h t l y  w e a t h e r e d  Da r k  Ma g ne s i um  c l a y  and R e d d i s h  b r own 
s o i l s  (now c l a s s i f i e d  as V e r t l s o l s  and  U s t o l l l c  E u t r a n d e p t s ) . 
S i m i l a r l y  o n l y  s m a l l  q u a n t i t i e s  o f  Al we r e  e x t r a c t e d  f r om 
s o i l s  o f  h i g h e s t  pH b e l o n g i n g  t o  t h e  Low Humi c  l a t o s o l s  (now 
b e l o n g i n g  t o  t h e  U s t o x  and T o r r o x  s u b o r d e r s ) .  Howeve r ,  Al 
e x t r a c t e d  f r om  t h e  s o i l s  o f  t h e s e  s u b o r d e r s  I n c r e a s e d  s h a r p l y  
w i t h  I n c r e a s e d  a c i d i t y .  The mean v a l u e  I n  t h e  pH r a n g e  4 t o  
5 b e i n g  10 t i m e s  g r e a t e r  t h a n  I n  t h e  pH r a n g e  6  t o  7 .
G r e a t e s t  amoun t s  o f  Al we r e  e x t r a c t e d  f r om  t h e  h i g h l y  
w e a t h e r e d  Huml c  f e r r u g i n o u s ,  HumI c  and H y d r o l  HumI c  l a t o s o l s  
( now c l a s s i f i e d  as Humox ,  H u m u l t s ,  and H y d r a n d e p t s ) .
P l u c k n e t t  and  Sherman ( 1 9 6 3 )  f o u n d  a d i r e c t  r e l a t i o n s h i p  
b e tween  r a i n f a l l  and e x t r a c t a b l e  a l u m i n u m .
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B u f f e r i n g  C a p a c i t y . The pH b u f f e r i n g  c a p a c i t y  o f  a
s o i l  I s  d e f i n e d  as t h e  c a p a c i t y  o f  t h e  s o i l  t o  r e s i s t  c h a n g e
I n  r e a c t i o n  w i t h  t h e  a d d i t i o n  o f  a b a se  o r  a c i d  ( M a t s u s a k a
and Sh e r ma n ,  1 9 5 0 ) .  A s o i l  w i t h  a h i g h  b u f f e r i n g  c a p a . c l t y
does  n o t  r e a d i l y  c h a n g e  I t s  pH v a l u e .  The b u f f e r i n g  c a p a c i t y
o f  s o i l s  I s  a f f e c t e d  by t h e  amoun t  and n a t u r e  o f  t h e  c l a y ,  as
«
w e l l  as t h e  o r g a n i c  m a t t e r  c o n t e n t  ( B a v e r ,  1 9 3 1 ) .
The b u f f e r i n g  c a p a c i t i e s  o f  H a w a i i a n  s o i l s  was 
e x t e n s i v e l y  s t u d i e d  by M a t s u s a k a  and  Sherman ( 1 9 5 0 ) .  A f t e r  
s t u d y i n g  t h e  t i t r a t i o n  c u r v e s  o f  o v e r  100 H a w a i i a n  s o i l  
s a m p l e s  some o f  t h e i r  c o n c l u s i o n s  w e r e ;
1 .  B u f f e r i n g  c a p a c i t i e s  o f  H a w a i i a n  s o i l s  a r e  much 
l o w e r  t h a n  t h o s e  o f  t e m p e r a t e  r e g i o n s .
2 .  S o i l s  now b e l o n g i n g  t o  t h e  s u b o r d e r s  T o r r o x ,  U s t o x ,  
and  Humox a r e  t h e  l e a s t  b u f f e r e d ,  and s o i l s  now 
b e l o n g i n g  t o  t h e  g r e a t  g r o u p s  H y d r a n d e p t s  and 
D y s t r a n d e p t s  e x h i b i t  t h e  g r e a t e s t  b u f f e r i n g .
3 .  The o r g a n i c  m a t t e r  o f  t h e  s o i l  a f f e c t s  t h e  d e g r e e  o f  
b u f f e r i n g  I n  a s o i l  r e a c t i o n  a bo ve  pH 5 . 5 .
4 .  T h e r e  I s  a d i r e c t  r e l a t i o n s h i p  be tween  t h e  c a t i o n  
e x c h a n g e  c a p a c i t y .  The h i g h e r  t h e  e x c h a n g e  c a p a c i t y  
t h e  g r e a t e r  w i l l  be t h e  b u f f e r i n g  c a p a c i t y  o f  t h e  
s o i l .
5 .  Each s o i l  g r o u p  has  a c h a r a c t e r i s t i c  t i t r a t i o n
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c u r v e .  Thus  t h e  n a t u r e  o f  t h e  c l a y  m i n e r a l s  
d e t e r m i n e  t h e  n a t u r e  o f  t h e  t i t r a t i o n  c u r v e  and  t h e  
d e g r e e  o f  b u f f e r i n g  e x h i b i t e d  by t h e  s o i l .
L i me  R e q u i r e m e n t . The l i m e  r e q u i r e m e n t  o f  s o i l s  I s  
I n f l u e n c e d  by two" ma i n  f a c t o r s ,  name l y  s o i l  pH and b u f f e r  
c a p a c i t y .  Fo r  a g i v e n  s o i l  t h e  l owe r  t h e  pH t h e  h i g h e r  t h e  
l i m e  r e q u i r e m e n t  and t h e  h i g h e r  t h e  b u f f e r  c a p a c i t y  t h e  
l a r g e r  t h e  l i m e  r e q u i r e m e n t .
The u l t i m a t e  o b j e c t  o f  l i m i n g  s o i l s  I s  I mp r o v e d  c r o p  
p r o d u c t i o n  and  t h u s  t h e  n a t u r e  o f  t h e  c r o p  mus t  be t a k e n  I n t o  
c o n s i d e r a t i o n  when l i m e  r e c o m m e n d a t i o n s  a r e  made .  D i f f e r e n t  
c r o p s  r e s p o n d  d i f f e r e n t l y  t o  l i m e  a p p l i c a t i o n s  even  on t h e
same s o i l  and even  more  s o ,  on d i f f e r e n t  s o i l s  w i t h  d i f f e r e n t
p r o b I e m s .
Me t hod s  f o r  d e t e r m i n i n g  l i m e  r e q u i r e m e n t s  h a v e  been 
s t u d i e d  e x t e n s i v e l y  f o r  many y e a r s .  The d i r e c t  a p p r o a c h  I s  
c o n s t r u c t i o n  o f  l i m e  c u r v e s .  T h i s  I s  done by e q u i l i b r a t i n g  
s m a l l  s a m p l e s  o f  s o i l  w i t h  I n c r e a s i n g  amoun t s  o f  l i m e .  S o i l  
pH v s .  l i m e  added  I s  p l o t t e d .  From such c u r v e s  l i m e  r e q u i r e d  
t o  a t t a i n  a d e s i r e d  pH can be o b t a i n e d .  L i me  r e q u i r e m e n t s  I n 
t h e  t e m p e r a t e  z one  can be r e a d  d i r e c t l y  f r om t h e  c u r v e s .  
H o we v e r ,  u n de r  t r o p i c a l  a c i d  s o i l s  t h e  o b s e r v e d  l i m e  
r e q u i r e m e n t  s h o u l d  be m u l t i p l i e d  by a f a c t o r  o f  1 . 2  t o  o b t a i n
t h e  amoun t  o f  l i m e  r e q u i r e d  f o r  a f i e l d  a p p l i c a t i o n
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( M a t s u s a k a  and S h e r ma n ,  1 9 6 4 ) .
K a m p r a t h ' s  ( 1 9 7 0 )  a p p r o a c h  I s  b a sed  on e x c h a n g e a b l e  
a l u m i n u m  b u t  I t  has  a s a f e t y  f a c t o r  b u i l t  I n  w h i c h  s u g g e s t s  
t h a t  mor e  I s  I n v o l v e d  t h a n  a l u m i n u m  a l o n e .  The r e l a t i o n s h i p  
f o r  l i m e  r a t e  I s  as f o l l o w s :
meq e x c h a n g e a b l e  A I / 1 0 0  g x  1 . 5  = meq CaCOj / 1 0 0  g
•  V
■
U s i n g  t h i s  f a c t o r  a p p r o x i m a t e l y  8 6 ? o f  t h e  e x c h a n g e a b l e  
Al  was n e u t r a l i z e d .  For  v e r y  a l u m i n u m  s e n s i t i v e  c r o p s  a 
f a c t o r  o f  2 s h o u l d  be used ( K a m p r a t h ,  1 9 7 0 ) .
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1 1 1 .  MATERIALS AND METHODS
The a r e a  s e l e c t e d  f o r  t h i s  s t u d y  i s  common l y  known as 
C e n t r a l  M a u l .  I t  e x t e n d s  f r om e a s t  o f  Puunene  t o  t h e  w e s t e r n
s l o p e s  o f  t h e  H a T e a k a l a  v o l c a n o  I n a we s t  t o  e a s t  d i r e c t i o n ,
and f r o m  s o u t h  o f  U l u p a l a k u a  t o  P a u we l a  I n  t h e  s o u t h  t o  n o r t h  
d i r e c t i o n .
E l e v a t i o n  I n  t h e  a r e a  s amp l e d  r a n g e s  f r om s e a , l e v e l  t o  
1828 m,  and t h e  a v e r a g e  r a i n f a l l  r a n g e s  f r om  325 t o  2500  mm,
w i t h  a mean o f  940 mm.
The a r e a  s a mp l e d  I s  l a r g e l y  p l a n t e d  t o  s u g a r c a n e ,  
p i n e a p p l e ,  and p a s t u r e .  A few o f  t h e  s amp l e d  s i t e s  a r e  used  
f o r  f o r e s t r y ,  and o t h e r s  f o r  v e g e t a b l e  and f l o w e r  p r o d u c t i o n .
The s t u d y  a r e a  I n c l u d e d  18 s o i l  s e r i e s  b e l o n g i n g  t o  f i v e  
d i f f e r e n t  s o i l  o r d e r s :  I n c e p t l s o l ,  U l t l s o l ,  O x l s o l ,
M o l l l s o l ,  and  H l s t o s o l .  I n c e p t l s o l s  I n c l u d e d  t h e  An d e p t s  and 
t h e  T r o p e p t s .  These  s o i l s  a r e  d e s c r i b e d  I n t h e  s o i l  s u r v e y  
o f  H a w a i i  ( F o o t e  e t  a l . , 1 9 7 2 ) .  A b r i e f  d e s c r i p t i o n  o f  t h e  
s o l  I s e r I e s  f o i l o w s .
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I n c e p t I  so I s
J_ 2  S e r I e s  ( T y p i c  E u t r a n d e p t s ,  m e d i a l ,  o v e r  
c I n d e r y , I s o t h e r m I c ) . T h i s  s e r i e s  c o n s i s t s  o f  w e l l  d r a i n e d
»  V
s o i l s .  These  s o i l s  d e v e l o p e d  I n  v o l c a n i c  ash  and m a t e r i a l
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w e a t h e r e d  f r o m  c i n d e r s .  They  a r e  m o d e r a t e l y  s l o p i n g  t o  
s t e e p .  E l e v a t i o n s  r a n g e  f r o m  305  t o  762  m.  Mean a n n u a l  
r a i n f a l l  I s  635  t o  889  mm and  mean a n n u a l  s o i l  t e m p e r a t u r e  I s  
20.5° C.
The s u r f a c e  l a y e r  I s  d a r k  b r own  s i l t y  c l a y  l oam a b o u t  25 
cm t h i c k .  The s u b s u r f a c e  l a y e r  I s  d a r k  b r own  s i l t y  c l a y  l oam 
a b o u t  18 cm t h i c k .  The s u b s o i l ,  25 t o  76 cm t h i c k .  I s  d a r k  
b r own  and  d a r k  r e d d i s h  b r own  c l a y  l oam t h a t  has  s u b a n g u l a r  
b l o c k y  s t u c t u r e .  The  s o i l  I s  n e u t r a l  I n  t h e  s u r f a c e  l a y e r  
and m i l d l y  a l k a l i n e  I n  t h e  s u b s o i l .  I t s  p e r m e a b i l i t y  I s  
m o d e r a t e l y  r a p i d  and  t h e  r u n o f f  I s  s l o w  t o  me d i um .  These  
s o i l s  a r e  u sed  f o r  p a s t u r e ,  t r u c k  c r o p s ,  and  w i l d l i f e  
h a b I  t a t .
Ku I  a s e r I e s  ( T y p I c  E u t r a n d e p t s ,  m e d i a l .  I s o t h e r m i c ) .
T h i s  s e r i e s  c o n s i s t s  o f  w e l l  d r a i n e d  s o i l s  on u p l a n d s  on t h e  
I s l a n d  o f  M a u l .  These  so I I s  d e v e I  oped  I n  v o l c a n i c  a s h .  They 
a r e  g e n t l y  s l o p i n g  t o  s t e e p .  E l e v a t i o n s  r a n g e  f r o m  607 t o
DescrIptI on of Sol Is
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1067 m.  Mean a n n u a l  r a i n f a l l  I s  635  t o  1016 mm and mean 
a n n n u a l  s o i l  t e m p e r a t u r e  I s  19°C.
The  s u r f a c e  l a y e r  I s  d a r k  r e d d i s h  b r own  l oam a b o u t  20 cm 
t h i c k .  The s u b s o i l ,  a b o u t  117 cm t h i c k .  I s  d a r k  r e d d i s h
b r own  l o a m ,  s i l t  l o a m ,  s i l t y  c l a y  l oam t h a t  h a s  s u b a n g u l a r
/
b l o c k y  s t u c t u r e .  The s o i l  I s  s l i g h t l y  a c i d  I n  t h e  s u r f a c e  
l a y e r  and  s l i g h t l y  a d d  t o  n e u t r a l  I n  t h e  s u b s o i l .  > 
P e r m e a b i l i t y  I s  m o d e r a t e l y  r a p i d  and r u n o f f  I s  me d i u m .  These
•y
s o i l s  a r e  u sed  f o r  p a s t u r e ,  t r u c k  c r o p s ,  and  w l l d l - I f e  
h a b i t a t .
Pane  s e r  I es  ( T y p l c  D y s t r a n d e p t s ,  m e d i a l .
I s o t h e r m i c ) .  T h i s  s e r i e s  c o n s i s t s  o f  w e l l  d r a i n e d  s o i l s  on 
u p l a n d s  I n  t h e  I s l a n d  o f  M a u l .  T h e se  s o i l s  d e v e l o p e d  I n  
v o l c a n i c  a s h .  They  a r e  m o d e r a t e l y  s l o p i n g  t o  m o d e r a t e l y  
s t e e p .  E l e v a t i o n s  r a n g e  f r o m  610  t o  1069  m . Mean a n n n u a l  
r a i n f a l l  I s  762  t o  1270 mm;  I t  I s  w e l l  d i s t r i b u t e d  t h r o u g h o u t  
t h e  y e a r .  Mean a n n u a l  s o i l  t e m p e r a t u r e  I s  19°C.
The s u r f a c e  l a y e r  I s  d a r k  r e d d i s h  b r own  s i l t  l oam a b o u t  
20 cm t h i c k .  The s u b s o i l ,  a b o u t  124 cm t h i c k .  I s  d a r k  
r e d d i s h  b r o w n ,  r e d d i s h  b r o w n ,  and d a r k  b r own  s i l t  l oam and 
l oam t h a t  has  p r i s m a t i c  and  s u b a n g u l a r  b l o c k y  s t r u c t u r e .  The 
s o i l  I s  s l i g h t l y  a c i d  I n  t h e  s u r f a c e  l a y e r  and n e u t r a l  I n  t h e  
s u b s o i l .  I t s  p e r m e a b i l i t y  I s  m o d e r a t e l y  r a p i d  and  r u n o f f  I s  
s l o w  t o  me d i u m .  These  s o i l s  a r e  used  f o r  p a s t u r e  and
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w i l d l i f e  h a b i t a t .  Sma l l  a c r e a g e s  a r e  used  f o r  p i n e a p p l e .
L auma I  a s e r I e s  ( T y p i c  D y s t r a n d e p t s ,  m e d i a l ,
I s o m e s i c ) .  T h i s  s e r i e s  c o n s i s t s  o f  w e l l  d r a i n e d  s o i l s  on t h e
I s l a n d  o f  M a u l .  T he se  s o i l s  d e v e l o p e d  I n  v o l c a n i c  ash  and
c i n d e r s .  They  a r e  m o d e r a t e l y  s l o p i n g  t o  v e r y  s t e e p . .
E l e v a t i o n s  r a n g e  f r o m  1676 t o  2438  m.  Mean a n n u a l  r a i n f a l l
I s  889  t o  1 778  mm. The se  s o i l s  a r e  s u b j e c t  t o  c l o u d  c o v e r  o f
*
f o g  mos t  o f  t h e  y e a r .  Mean a n n u a l  s o i l  t e m p e r a t u r e  I s .
12°C.
The  s u r f a c e  l a y e r  I s  v e r y  d a r k  b r own  o r  b l a c k  l oam a b o u t  
23 cm t h i c k .  The s u b s o i l ,  a b o u t  84 cm t h i c k .  I s  v e r y  d a r k  
b r own  s i l t y  c l a y  l oam and s i l t  l oam t h a t  has  s u b a n g u l a r  
b l o c k y  s t r u c t u r e  o r  I s  m a s s i v e .  The s o i l  I s  m i l d l y  a l k a l i n e  
I n  t h e  s u r f a c e  l a y e r  and n e u t r a l  t o  med i um a c i d  I n  t h e  
s u b s o i l .  I t s  p e r m e a b i l i t y  I s  m o d e r a t e l y  r a p i d  and r u n o f f  I s  
s l o w  t o  m e d i u m .  These  s o i l s  a r e  used  f o r  p a s t u r e  and 
w i l d l i f e  h a b i t a t .
K a I p o I o I  S e r I e s  ( T y p l c  D y s t r a n d e p t s ,  m e d i a l ,
I s o m e s i c ) .  T h i s  s e r i e s  c o n s i s t s  o f  w e l l - d r a i n e d  s o i l s  on 
u p l a n d s  on t h e  I s l a n d  o f  M a u l .  These  s o i l s  d e v e l o p e d  I n  
v o l c a n i c  ash  and I n  m a t e r i a l  w e a t h e r e d  f r om c i n d e r s .  They 
a r e  m o d e r a t e l y  s l o p i n g  t o  s t e e p .  E l e v a t i o n s  r a n g e  f r o m  1067 
t o  1829  m.  Mean a n n u a l  r a i n f a l l  I s  762 t o  1143 mm, and  mean 
a n n u a l  s o i l  t e m p e r a t u r e  I s  13°C.
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The s u r f a c e  l a y e r  I s  b l a c k  l oam a b o u t  25 cm t h i c k .  The 
s u b s o i l ,  a b o u t  129 cm t h i c k .  I s  b l a c k  and  v e r y  d a r k  b r own  
s i l t  l oam o r  s i l t y  c l a y  l oam t h a t  has  s u b a n g u l a r  b l o c k y  
s t r u c t u r e .  The s u b s t r a t u m  I s  ash and c i n d e r s .  The s o i l  I s  
n e u t r a l  I n  t h e  s u r f a c e  l a y e r  and m i l d l y  a l k a l i n e  t o  n e u t r a l
I n  t h e  s u b s o i l .  I t s  p e r m e a b i l i t y  I s  m o d e r a t e l y  r a p i d  and
\
r u n o f f  I s  s l o w  t o  me d i u m .  The se  s o i l s  a r e  u sed  f o r  p a s t u r e  
and  w i l d l i f e  h a b 1 t a t .
»
Uma S e r I e s  ( T y p i c  V l t r a n d e p t s ,  c l n d e r y ,  I s o m e s i c ) .
T h i s  s e r i e s  c o n s i s t s  o f  e x c e s s i v e l y  d r a i n e d ,  s a n d y  s o i l s  on 
I n t e r m e d i a t e  m o u n t a i n  s l o p e s  on t h e  I s l a n d  o f  M a u l .  T h e se  
s o i l s  d e v e l o p e d  I n  v o l c a n i c  ash  and m a t e r i a l  w e a t h e r e d  f r o m  
c i n d e r s .  They  a r e  on m o d e r a t e l y  s l o p i n g  t o  v e r y  s t e e p  
I n t e r m e d i a t e  m o u n t a i n  s l o p e s .  E l e v a t i o n s  r a n g e  f r o m  762  t o  
1 829  m.  Mean a n n u a l  r a i n f a l l  I s  762  t o  1016 mm. A f t e r n o o n  
f o g  and  c l o u d  c o v e r  a r e  common .  Mean a n n u a l  s o i l  t e m p a r a t u r e  
I s  13°C.
The  s u r f a c e  l a y e r ,  a b o u t  15 cm t h i c k .  I s  b l a c k  l oamy 
c o a r s e  sand  t h a t  has  g r a n u l a r  s t r u c t u r e .  The s u b s t r a t u m  I s  
b l a c k ,  u n w e a t h e r e d  c i n d e r s .  The s o i l  I s  m i l d l y  a l k a l i n e  I n  
t h e  s u r f a c e  l a y e r .  I t s  p e r m e a b i l i t y  I s  v e r y  r a p i d  and  r u n o f f  
I s  s l o w .  The se  s o i l s  a r e  used  f o r  p a s t u r e ,  w i l d l i f e  h a b i t a t  
and  wood I a n d s .
57
Ha M I m a I I e  Ser  l e s  ( U s t o x i c  Hum I t r o p e p t s ,  f i n e ,  
k a o l l n l t l c .  I s o t h e r m i c ) .  T h i s  s e r i e s  c o n s i s t s  o f  w e l l  
d r a i n e d  s o i l s .  They  a r e  g e n t l y  t o  s t r o n g l y  s l o p i n g .  
E l e v a t i o n s  r a n g e  f r o m  152 t o  610 m.  Mean a n n u a l  r a i n f a l l  I s  
762  t o  1290 mm o f  r a i n  and  mean a n n u a l  s o i l  t e m p e r a t u r e  I s  
22°C.
The s u r f a c e  I s  d a r k  r e d d i s h - b r o w n  s i l t y  ‘c l a y  a b o u t  38  cm
/
t h i c k .  The s u b s o i l ,  t o  a d e p t h  o f  mor e  t h a n  152 cm.  I s  d a r k  
r e d d i s h - b r o w n  s i l t y  c l a y  and v e r y  d a r k  g r a y i s h - b r o w n  c l a y .
I t  has  s u b a n g u l a r  b l o c k y  and a n g u l a r  b l o c k y  s t r u c t u r e .  The 
s o i l  I s  s t r o n g l y  a c i d  I n  t h e  s u r f a c e  l a y e r  and s t r o n g l y  a c i d  
t o  med i um a c i d  I n  t h e  s u b s o i l .  I t s  p e r m e a b i l i t y  I s  
m o d e r a t e l y  r a p i d  and  r u n o f f  I s  s l o w .  T h e s e  s o i l s  a r e  used  
f o r  s u g a r c a n e ,  p i n e a p p l e  and p a s t u r e .
U 1 t l s o l s
Makawao  s e r i e s  ( H u m o x i c  T r o p o h umu I  t s , c l a y e y ,  
o x l d l c .  I s o t h e r m i c ) .  T h i s  s e r i e s  c o n s l t s  o f  w e l l - d r a i n e d  
s o i l s  on u p l a n d s  on t h e  I s l a n d s  o f  M a u l .  T h e se  s o i l s  
d e v e l o p e d  I n  v o l c a n i c  ash and I n  m a t e r i a l  w e a t h e r e d  f r om  
b a s i c  I g n e o u s  r o c k .  They a r e  g e n t l y  s l o p i n g  t o  m o d e r a t e l y  
s l o p i n g .  E l e v a t i o n s  r a n g e  f r om  366 t o  762  m. Mean a n n u a l  
r a i n f a l l  I s  1524 t o  2286  mm, and mean a n n u a l  s o i l  t e m p e r a t u r e
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I s  20°C.
The s u r f a c e  l a y e r  I s  d a r k  r e d d i s h - b r o w n  s i l t y  c l a y  a b o u t  
23 cm t h i c k .  The s u b s o i l ,  a b o u t  76  cm t h i c k .  I s  d a r k  
r e d d i s h - b r o w n  s i l t y  c l a y  t h a t  has  s u b a n g u l a r  b l o c k y  
s t r u c t u r e .  The s o i l  I s  s t r o n g l y  a c i d  t o  med i um a c i d  I n  t h e  
s u r f a c e  l a y e r  and s l i g h t l y  a c i d  I n t h e  s u b s o i l .  I t s  
p e r m e a b i l i t y  I s  m o d e r a t e l y  r a p i d  and  r u n o f f  I s  s l o w .  T h e s e  
s o i l s  a r e  used  f o r  p a s t u r e ,  and  s m a l l  a c r e a g e s  a r e  u sed  f o r
r
p I n e a p p 1 e .
H a i k u  S e r I e s  ( H u m o x i c  T r o p o h u m u I t s ,  c l a y e y , 
f e r r l t i c .  I s o t h e r m i c ) .  T h i s  s e r i e s  c o n s i s t s  o f  w e l l - d r a i n e d  
s o i l s .  E l e v a t i o n s  r a n g e  f r om  n e a r l y  sea  l e v e l  t o  336 m.
Mean a n n u a l  r a i n f a l l  I s  1270 mm t o  2032  mm, and  mean a n n u a l  
s o i l  t e m p e r a t u r e  I s  21°C.
I n a r e p r e s e n t a t i v e  p r o f i l e  t h e  s u r f a c e  l a y e r  I s  d a r k  
b r own  c l a y  a b o u t  36 cm t h i c k .  The s u b s o i l ,  a b o u t  79 cm 
t h i c k .  I s  y e l l o w i s h - r e d ,  d a r k  r e d d i s h - b r o w n ,  and  d a r k  r e d  
c l a y  o r  s i l t y  c l a y  t h a t  has  s u b a n g u l a r  and a n g u l a r  b l o c k y  
s t r u c t u r e .  The s o i l  I s  s t r o n g l y  a c i d  t h r o u g h o u t  t h e  p r o f i l e .  
I t s  p e r m e a b i l i t y  I s  m o d e r a t e l y  r a p i d .  These  s o i l s  a r e  used  
f o r  p i n e a p p l e  and p a s t u r e .
Pauwe I  a S e r i e s  ( H u m o x i c  T r o p o h u m u I t s ,  c l a y e y ,  
f e r r l t i c ,  i s o t h e r m i c ) .  T h i s  s e r i e s  c o n s i s t s  o f  w e l l - d r a i n e d  
s o i l s  on u p l a n d s  on t h e  I s l a n d  o f  M a u i .  These  s o i l s
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d e v e l o p e d  I n  m a t e r i a l  w e a t h e r e d  f r om I g n e o u s  r o c k .  They  a r e  
g e n t l y  s l o p i n g  t o  m o d e r a t e l y  s t e e p .  E l e v a t i o n s  r a n g e  f r om  46 
t o  457 m.  Mean a n n u a l  r a i n f a l l  I s  178 t o  3 048  mm:  I t  I s  w e l l  
d i s t r i b u t e d  t h r o u g h o u t  t h e  y e a r .  Mean a n n u a l  s o i l  
t e m p e r a t u r e  I s  21°C.
The s u r f a c e  l a y e r  I s  d a r k  g r a y i s h - b r o w n  c l a y  a b o u t  30 cm 
t h i c k .  The  s u b s o i l ,  a b o u t  53 cm t h i c k .  I s  d a r k
r e d d  I s h - b r o w n  c l a y  t h a t  has  a n g u l a r  b l o c k y  and  s u b a n g u l a r
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b l o c k y  s t r u c t u r e .  The s o i l  I s  v e r y  s t r o n l y  a c i d  t o  e x t r e m e l y  
a c i d  I n  t h e  s u r f a c e  l a y e r  and  s u b s o i l .  I t s  p e r m e a b i l i t y  i s  
m o d e r a t e l y  r a p i d  and  r u n o f f  I s  s l o w .  The se  s o i l s  a r e  used  
f o r  p a s t u r e  and  w a t e r  s u p p l y .  Sma l l  a c r e a g e s  a r e  u sed  f o r  
p i n e a p p l e  and  w o o d l a n d .
Mo I I I so I s
Pa l  a S e r I e s  ( T y p l c  H a p l u s t o l l s ,  f i n e ,  k a o l l n l t i c ,
I s o h y p e r t h e r m I c ) . T h i s  s e r i e s  c o n s i s t s  o f  w e l l - d r a i n e d  s o i l s  
on u p l a n d s  on t h e  I s l a n d  o f  M a u l .  These  s o i l s  d e v e l o p e d  I n  
m a t e r i a l  w e a t h e r e d  f r om  b a s i c  I g n e o u s  r o c k .  They  a r e  g e n t l y  
t o  m o d e r a t e l y  s l o p i n g .  E l e v a t i o n s  r a n g e  f r om  n e a r l y  sea  
l e v e l  t o  305 m.  Mean a n n u a l  r a i n f a l l  I s  635  t o  1016 mm,  and
mean a n n u a l  s o i l  t e m p e r a t u r e  I s  23°C.
The s u r f a c e  l a y e r  I s  d a r k  r e d d i s h - b r o w n  s i l t y  c l a y  and
c l a y  a b o u t  48 cm t h i c k .  The s u b s o i l ,  a b o u t  104 cm t h i c k .  I s
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d a r k  r e d d i s h - b r o w n  c l a y  t h a t  has  a n g u l a r  and s u b a n g u l a r  
b l o c k y  s t r u c t u r e .  The s o i l  I s  m i l d l y  a l k a l i n e  I n  t h e  s u r f a c e  
l a y e r  and  s u b s o i l .  I t s  p e r m e a b i l i t y  I s  m o d e r a t e  and r u n o f f  
I s  s l o w .  The se  s o i l s  a r e  u sed  f o r  s u g a r c a n e .
Ewa S e r I e s  ( A r l d i c  H a p l u s t o l l s ,  f i n e ,  k a o l l n l t i c ,
I s o h y p e r t h e r m I c ) .  T h i s  s e r i e s  c o n s i s t s  o f  w e l l  d r a i n e d  s o i l s
»  V
on t h e  I s l a n d s  o f  Oahu and  M a u l .  These  s o i l s  d e v e l o p e d  I n
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a l l u v i u m  d e r i v e d  f r o m  b a s i c  I g n e o u s  r o c k .  E l e v a t i o n s  r a n g e  
f r om  n e a r  sea  l e v e l  t o  46 m.  Mean a n n u a l  r a i n f a l l  I s  254  t o  
7 6 2  mm,  mos t  o f  I t  o c c u r r i n g  b e t ween  Novembe r  and  A p r i l .
Mean a n n u a l  s o i l  t e m p e r a t u r e  I s  23°C.
I n  a r e p r e s e n t a t i v e  p r o f i l e  t h e  s u r f a c e  l a y e r  I s  d a r k  
r e d d i s h - b r o w n  s i l t y  c l a y  l oam a b o u t  46 cm t h i c k .  The 
s u b s o i l ,  a b o u t  107 cm t h i c k .  I s  d a r k  r e d d i s h - b r o w n  and 
d a r k - r e d  s i l t y  c l a y  l oam t h a t  has  s u b a n g u l a r  b l o c k y  
s t r u c t u r e .  The s o i l  I s  n e u t r a l  t h r o u g h o u t  t h e  p r o f i l e .  I t s  
p e r m e a b i l i t y  I s  m o d e r a t e  and  r u n o f f  I s  s l o w .  These  s o i l s  a r e  
used  f o r  s u g a r c a n e  and  p a s t u r e .
W a I a k o a  S e r 1es ( A r l d l c  H a p l l s t o l l s ,  f i n e ,  
k a o l l n l t i c ,  I s o h y p e r t h e r m I c ) .  T h i s  s e r i e s  c o n s i s t s  o f  
w e l l - d r a i n e d  s o i l s  on u p l a n d s  on t h e  I s l a n d  o f  M a u l .  These  
s o i l s  d e v e l o p e d  I n  m a t e r i a l  w e a t h e r e d  f r o m  b a s i c  I g n e o u s  
r o c k .  The u p p e r  p a r t  o f  t h e  p r o f i l e  I s  I n f l u e n c e d  by 
v o l c a n i c  a s h .  These  s o i l s  a r e  g e n t l y  s l o p i n g  t o  m o d e r a t e l y
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s t e e p .  E l e v a t i o n s  r a n g e  f r o m  3 0 . 5  t o  305  m.  Mean a n n u a l  
r a i n f a l l  I s  305  t o  508 mm;  mos t  o f  I t  o c c u r s  d u r i n g  t h e  
w i n t e r .  The mean a n n u a l  s o i l  t e m p e r a t u r e  I s  23°C.
The s u r f a c e  l a y e r  I s  d a r k  r e d d  I s h - b r o w n  s i l t y  c l a y  l oam
a b o u t  5 cm t h i c k .  The  s u b s o i l ,  a b o u t  58 cm t h i c k .  I s  d a r k
r e d d i s h - b r o w n  and  v e r y  d a r k  g r a y i s h - b r o w n  s i l t y  c l a y  l oam
» \
t h a t  has  p r i s m a t i c  s t r u c t u r e  o r  I s  m a s s i v e .  The s o i l  I s  
n e u t r a l  I n  t h e  s u r f a c e  l a y e r  and s l i g h t l y  a c i d  t o  n e u t r a l  I n  
t h e  s u b s o i l .  I t s  p e r m e a b i l i t y  I s  m o d e r a t e  and  r u n o f f  I s  
s l o w .  T h e s e  s o i l s  a r e  u s e d  f o r  s u g a r c a n e ,  p a s t u r e  and  
w i l d l i f e  h a b I  t a t .
K a m a o I e  S e r I e s  ( A r l d i c  H a p l u s t o l l s ,  c l a y e y ,  o v e r  
f r a g m e n t a l  I s o t h e r m i c ) .  T h i s  s e r i e s  c o n s i s t s  o f  w e l l  d r a i n e d  
s o i l s  on u p l a n d s  on t h e  I s l a n d  o f  M a u l .  These  s o i l s  
d e v e l o p e d  I n  v o l c a n i c  a s h .  They a r e  g e n t l y  t o  m o d e r a t e l y  
s l o p i n g .  E l e v a t i o n s  r a n g e  f r o m  457 t o  701 m.  Mean a n n u a l
r a i n f a l l  I s  381 t o  635  mm;  mos t  o f  I t  o c c u r s  I n  w i n t e r .
Mean a n n u a l  s o i l  t e m p e r a t u r e  I s  20°C.
The s u r f a c e  l a y e r  I s  d a r k - b r o w n  and d a r k  r e d d i s h - b r o w n  
s i l t  l oam and s i l t y  c l a y  l oam a b o u t  20 cm t h i c k .  The 
s u b s o i l ,  a b o u t  30  cm t h i c k .  I s  d a r k  r e d d i s h - b r o w n  s i l t y  c l a y  
t h a t  has  s u b a n g u l a r  b l o c k y  s t r u c t u r e .  The s o i l  I s  med i um
a c i d  and  s l i g h t l y  a c i d  I n  t h e  s u r f a c e  l a y e r  and m i l d l y
a l k a l i n e  i n  t h e  s u b s o i l .  I t s  p e r m e a b i l i t y  I s  m o d e r a t e ,  and
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r u n o f f  I s  s l o w  t o  me d i u m .  These  s o i l s  a r e  used  f o r  p a s t u r e  
and wl  I d l  I f e  h a b i t a t .
Pu I ehu  Ser  I es  ( C u m u M I c  H a p l u s t o l l s ,  f i n e - l o a m y ,  
m i x e d  I s o h y p e r t h e r m i c ) . T h i s  s e r i e s  c o n s i s t s  o f  w e l l - d r a i n e d  
s o i l s  on a l l u v i a l  f a n s  and  s t r e a m  t e r r a c e s  and I n  b a s i n s .
They  d e v e l o p e d  I n  a l l u v i u m  washed  f r o m  b a s i c  . I g n e o u s  r o c k .
The s o i l s  a r e  n e a r l y  l e v e l  t o  m o d e r a t e l y  s l o p i n g .  E l e v a t i o n s
V
r a n g e  f r o m  n e a r l y  sea  l e v e l  t o  91 m. Mean a n n u a l  . r a i n f a l l  I s  
t o  2 54  t o  8 89  mm, and  mean a n n u a l  s o i l  t e m p e r a t u r e  I s  23°C.
The s u r f a c e  l a y e r  I s  d a r k  b r own  s i l t  l oam a b o u t  53 cm 
t h i c k .  T h i s  I s  u n d e r l a i n  by d a r k - b r o w n ,  d a r k  g r a y i s h - b r o w n ,  
and b r o w n ,  m a s s i v e  and  s i n g l e  g r a i n ,  s t r a t i f i e d  l o a m ,  l oamy  
s a n d ,  f i n e  s a n d y  l o a m ,  and s i l t  l oam a b o u t  99 cm t h i c k .
Be l ow  t h i s  I s  c o a r s e ,  g r a v e l l y  o r  s a nd y  a l l u v i u m .  The s o i l  
I s  n e u t r a l  I n  t h e  s u r f a c e  l a y e r  and n e u t r a l  t o  m i l d l y  
a l k a l i n e  b e l o w  t h e  s u r f a c e  l a y e r .  These  s o i l s  a r e  used  f o r  
s u g a r c a n e ,  t r u c k  c r o p s ,  p a s t u r e ,  and  w i l d l i f e  h a b i t a t .
Ox I so  I s
Kea hua  S e r I e s . T h i s  s e r i e s  c o n s i s t s  o f  w e l l  d r a i n e d  
s o i l s  on u p l a n d s  on t h e  I s l a n d  o f  M a u l .  These  s o i l s  
d e v e l o p e d  I n  m a t e r i a l  w e a t h e r e d  f r om  b a s i c  I g n e o u s  r o c k .
They  a r e  g e n t l y  s l o p i n g  t o  m o d e r a t e l y  s t e e p .  E l e v a t i o n  r a n g e
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f r o m  183 t o  457 m. Mean a n n u a l  r a i n f a l l  I s  t o  381 t o  635  mm, 
and  mean a n n u a l  s o i l  t e m p e r a t u r e  I s  23°C.
t h e  s u r f a c e  l a y e r  I s  d a r k  r e d d  I s h - b r o w n  s i l t y  c l a y  l oam
a b o u t  2 5 . 4  cm t h i c k .  The s u b s o i l ,  a b o u t  127 cm t h i c k .  I s
d a r k  r e d d i s h - b r o w n  s i l t y  c l a y  l oam and v e r y  d a r k  g r a y  c l a y
l oam t h a t  has  s u b a n g u l a r  b l o c k y  s t r u c t u r e .  The s o i l  I s
s l i g h t l y  a c i d  I n  t h e  s u r f a c e  l a y e r  and s l i g h t l y  a c i d  t o
«
n e u t r a l  I n  t h e  s u b s o i l .  I t s  p e r m e a b i l i t y  I s  m o d e r a t e ,  , and 
r u n o f f  I s  s l o w .  The se  s o i l s  a r e  u sed  f o r  s u g a r c a n e ,  p a s t u r e  
and  w i l d l i f e  h a b i t a t .  Sma l l  a c r e a g e s  a r e  u sed  f o r  p i n e a p p l e .
Mo I o k a  I S e r I e s  ( T y p l c  T o r r o x ,  c l a y e y ,  k a o l l n l t i c ,
I s o h y p e r t h e r m i c ) . T h i s  s e r i e s  c o n s i s t s  o f  w e l l - d r a i n e d  s o i l s  
on u p l a n d s  on t h e  I s l a n d  o f  M a u l ,  L a n a i ,  M o l o k a i  and Oahu .  
The se  s o i l s  f o r m e d  I n  m a t e r i a l  w e a t h e r e d  f r om  b a s i c  I g n e o u s  
r o c k .  They a r e  n e a r l y  l e v e l  t o  m o d e r a t e l y  s t e e p .  E l e v a t i o n s  
r a n g e  m a i n l y  f r om  n e a r l y  sea  l e v e l  t o  305  m.  Mean a n n u a l  
r a i n f a l l  a moun t s  t o  508  t o  635 mm, mos t  o f  w h i c h  o c c u r s  
b e t we e n  Novembe r  and  A p r i l .  The summers  a r e  h o t  and  d r y .
Mean a n n u a l  s o i l  t e m p e r a t u r e  I s  23°C.
The s u r f a c e  l a y e r  I s  d a r k  r e d d i s h - b r o w n  s i l t y  c l a y  l oam 
a b o u t  38  cm t h i c k .  The s u b s o i l ,  a b o u t  145 cm t h i c k .  I s  d a r k  
r e d d i s h - b r o w n  s i l t y  c l a y  l oam t h a t  has  p r i s m a t i c  s t r u c t u r e .  
The s o i l  I s  s l i g h t l y  a c i d  t o  n e u t r a l ,  e x c e p t  t h o s e  a r e a s  used  
f o r  p i n e a p p l e  a r e  common l y  v e r y  s t r o n g l y  a c i d  o r  e x t r e m e l y
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a c i d  I n  t h e  s u r f a c e  l a y e r .  These  s o i l s  a r e  used  f o r  
s u g a r c a n e ,  p i n e a p p l e ,  p a s t u r e ,  and  w i l d l i f e  h a b i t a t .
H I s t o s o I s
Ka I  mu S e r I e s  ( T y p l c  T r o p o f o l I s t s ,  e u l c ,
I s o h y p e r t h e r m i c ) .  T h i s  s e r i e s  c o n s i s t s  o f  we I I - d r a I n e d ,  v e r y  
s h a l l o w  s o i l s  on u p l a n d s  on t h e  I s l a n d  o f  M a u l .  T h e s e ^ s o l l s  
d e v e l o p e d  I n  o r g a n i c  m a t e r i a l .  They a r e  m o d e r a t e l y  s l o p i n g  
t o  m o d e r a t e l y  s t e e p .  E l e v a t i o n s  r a n g e  f r om  305  t o  1067 m. 
Mean a n n u a l  r a i n f a l l  I s  t o  762  t o  1270 mm, and mean a n n u a l  
s o i l  t e m p e r a t u r e  I s  20°C.
The s u r f a c e  l a y e r  I s  e x t r e m e l y  s t o n y  b l a c k  p e a t  a b o u t  20
cm t h i c k .  The s u b s t r a t u m  I s  f r a g m e n t a l  Aa l a v a  t h a t  has  a
l i t t l e  s o i l  m a t e r i a l  I n  v o i d s  and  c r a c k s .  The s o l i  I s  
n e u t r a l  I n  r e a c t i o n .  I t s  p e r m e a b i l i t y  I s  v e r y  r a p i d  and 
r u n o f f  I s  v e r y  s l o w .  These  s o i l s  a r e  used  f o r  p a s t u r e  and 
w i l d l i f e  h a b l t a t .
Ve r y  S t on y  l a n d
T h i s  l a n d  t y p e  c o n s i s t s  o f  a r e a s  whe r e  50 t o  90 p e r c e n t
o f  t h e  s u r f a c e  I s  c o v e r e d  w i t h  s t o n e s  and b o u l d e r s .  I t  I s
mapped  on t h e  I s l a n d s  o f  M a u l ,  M o l o k a i  and L a n a i .  The s l o p e  
r a n g e s  f r o m  7 t o  30 p e r c e n t .  I n c l u d e d  I n  m a p p i n g  we r e  v e r y
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s t e e p  g u l c h e s .  On M a u l ,  t h i s  l a n d  t y p e  c o n s i s t s  o f  y o u n g  Aa 
l a v a  t h a t  has  a t h i n  c o v e r i n g  o f  v o l c a n i c  ash t h a t  l o c a l l y  
e x t e n d s  I n t o  c r a c k s  and d e p r e s s i o n s .  I t  o c c u r s  as  l a r g e  
a r e a s ,  m a i n l y  on t h e  u p p e r  s l o p e s  o f  Mt .  H a l e a k a l a  a t  
e l e v a t i o n s  b e t ween  1219  and  2743 m.  Mean a n n u a l  r a i n f a l l  I s  
t o  762  t o  1016 mm. The ash  c o v e r e d  a r e a s  s u p p o r t  a s t a n d  o f  
s h r u b s  and g r a s s e s .
»
So l  I Samp I I n g
S o i l  s a m p l i n g  was b a s e d  on t h e  f o l l o w i n g  c o n s i d e r a t i o n s ;
1 .  S a m p l e  a l o n g  t r a n s e c t s  ( o r  on a g r i d )  w h i c h  t r a v e r s e
a r a n g e  o f  one  o r  mor e  s o i l  f o r m i n g  f a c t o r s  such  as
t e m p e r a t u r e ,  r a i n f a l l , a n d  e l e v a t i o n .
2 .  S a mp l e  a c c o r d i n g  t o  s o i l  c l a s s i f i c a t i o n  i n f o r m a t i o n .
3 .  S a m p l e s  I n c l u d e d  s o i l s  t h a t  a r e  p r e d o m i n a n t  I n  an
a r e a .
P r e l i m i n a r y  s a m p l i n g  was done  I n  A u g u s t  o f  1 9 8 1 .  A 
t o t a l  o f  53 s i t e s  we r e  s a m p l e d  a l o n g  two  t r a n s e c t s  ( r e f e r  t o  
F i g u r e  2 f o r  l o c a t i o n  o f  s i t e s  and t r a n s e c t s ) .  T r a n s e c t  No .
1 ( 4 3  s i t e s )  l a y  I n  a s o u t h  t o  n o r t h  d i r e c t i o n ,  s t a r t i n g  f r o m  
s o u t h  o f  U l u p a l a k u a  I n  t h e  s o u t h  and g o i n g  n o r t h  a l o n g  t h e  
K u l a  h i g h w a y ,  p a s t  P u k a l a n I ,  Makawao ,  Kokomo t o  P a u w e l a  I n  
t h e  n o r t h .  T r a n s e c t  No .  2 ( 10  s i t e s )  l a y s  I n  a w e s t - e a s t
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F i g u r e  2 .  L o c a t i o n  o f  s amp l e  s i t e s ,  and t r a n s e c t s  on t h e  ^ i s l a n d  o f  Maui
d i r e c t i o n ,  s t a r t i n g  n e a r  Puunene  I n  t h e  w e s t ,  a l o n g  t h e  
H a l e a k a l a  h i g h w a y ,  p a s t  K e a h u a ,  H a l l l m a l l e ,  and  J o i n s  
t r a n s e c t  No .  1 a t  Ma k awao .  M a t e r i a l  f r om two  d e p t h  
I n c r e m e n t s ,  0 t o  15 cm and 30 t o  45 cm,  we r e  c o l l e c t e d  a t  
each  s i t e .  The  u p p e r  s a m p l e  s h o u l d  r e f l e c t  t h e  p r e v a i l i n g  
n u t r i e n t  s t a t u s  as  a f f e c t e d  by ma n a g e me n t ,  and t h e  l o w e r  one
» V
I s  l i k e l y  t o  be l e s s  a f f e c t e d  by s o i l  m a n a g e me n t .  The l o w e r
s a m p l e  may a l s o  I n d i c a t e  t h e  k i n d  o f  s o i l  c o n d i t i o n  t h a t  w i l l
»
d e v e l o p  I f  e r o s i o n  o r  e a r t h  m o v i n g  e x p o s e s  t h i s  m a t e r i a l  a t  
t h e  s u r f a c e .
S o i l  s a m p l e s  we r e  p l a c e d  I n  p l a s t i c  b a g s  and  l a b e l e d .  
L o c a t i o n ,  v e g e t a t i o n ,  and  o t h e r  I m p o r t a n t  f e a t u r e s  o f  t h e  
s a m p l e d  a r e a  we r e  r e c o r d e d  on t h e  s o i l  s u r v e y  maps as t h e  
s a m p l e s  we r e  t a k e n .  S o i l  s a m p l e s  we r e  a i r  d r i e d ,  and  
s c r e e n e d  t h r o u g h  a 2 mm s i e v e .  M o i s t u r e  o f  e ach  s o i l  s a m p l e  
was d e t e r m i n e d  by w e i g h i n g  a p p r o x i m a t e l y  1 0  g o f  a i r  d r i e d  
s o i l  and  o ven  d r y i n g  f o r  24 h o u r s  a t  105°C.
S o i l  pH,  p h o s p h o r u s  and s i l i c o n  I n  s a t u r a t i o n  e x t r a c t s ,
1 ammon i um a c e t a t e  Ca ,  Mg,  Na and K,  and K C I - e x t r a c t a b I e  
a l u m i n u m ,  w e r e  d e t e r m i n e d  on a l l  s o i l  s a m p l e s .  P h o s p h a t e  
a d s o r p t i o n  I s o t h e r m s  we r e  c o n s t r u c t e d  f o r  a l l  s o i l  s a m p l e s  
f o l l o w i n g  t h e  p r o c e d u r e  o f  Fox and K a m p r a t h  ( 1 9 7 0 ) .  These  
d a t a  a l o n g  w i t h  t h e  l o c a t i o n  o f  s i t e s  we r e  s t o r e d  I n  a 
c o m p u t e r ,  and  I s o t r o p i c  s e m I - v a r I o g r a m s  f o r  each  o f  t h e  
p r o p e r t i e s  we r e  c o n s t r u c t e d .  From t h e s e  s e m I - v a r I o g r a m s , t h e
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r a n g e  o f  I n f l u e n c e  o f  each  o f  t h e  p r o p e r t i e s  was d e t e r m i n e d ,
and an o v e r a l l  a v e r a g e  r a n g e  was c a l c u l a t e d .  The c ompu t e d
a v e r a g e  r a n g e  was used  t o  d e t e r m i n e  an a d e q u a t e  a p p r o x i m a t e
s a m p l i n g  d i s t a n c e  f o r  t h e  s e cond  s a m p l i n g .
A s e c o n d  s a m p l i n g  t o  f i l l  I n  g a p s ,  t h a t  w e r e  l e f t
u n s a m p l e d  d u r i n g  t h e  f i r s t  s a m p l i n g  was a c c o m p l i s h e d  I n
• \
A u g u s t ,  1 9 8 2 .  A t o t a l  o f  17 s i t e s  we r e  s a m p l e d .  They
«
c o n s t i t u t e  t r a n s e c t s  No .  3 ,  4 ,  5 ,  and 6 . ‘A l l  s o i l  s a m p l e s  
we r e  t h e n  f u r t h e r  a n a l y z e d  f o r ;  O l s e n  P,  B r a y  No .  1 P,  and  
c a l c i u m  p h o s p h a t e  e x t r a c t a b l e  s u l f u r .  L i me  c u r v e s  we r e  
c o n s t r u c t e d  f o r  a l l  s o i l s  h a v i n g  a pH o f  5 . 8  o r  l e s s ,  and  
s u l f a t e  a d s o r p t i o n  c u r v e s  we r e  c o n s t r u c t e d  f o r  a l l  s o i l  
samp I e s .
A n a l y t i c a l  Me t hod s  f o r  S o i l s
S o i l  pH
S o i l  pH was m e a s u r e d  I n  a s o l l : w a t e r  s u s p e n s i o n  I n  a 1 : 1  
r a t i o .  Ten g r ams  o f  s o i l  ( o v e n  d r y  b a s i s )  we r e  p l a c e d  on 
50-ml  c e n t r i f u g e  t u b e s  and 10 ml o f  w a t e r  we r e  a d d e d .  The 
m i x t u r e  was s t i r r e d  and  e q u i l i b r a t e d  f o r  1 h o u r  w i t h  
o c c a s s i o n a l  s t i r r i n g .  S o i l  pH was me a s u r e d  u s i n g  a pH m e t e r .  
The s o i l  was s t i r r e d  j u s t  p r i o r  t o  I m m e r s i o n  o f  e l e c t r o d e s  so 
t h a t  t h e  me a s u r m e n t  was made on a s u s p e n d e d  s a m p l e .
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C a l c i u m ,  m a g n e s i u m ,  s o d i u m ,  and  p o t a s s i u m  we r e  e x t r a c t e d
w i t h  I Ammoni um a c e t a t e  a d j u s t e d  t o  pH 7 . 0 ,  by p l a c i n g  5
g o f  s o i l  i n  250-ml  E r l e n m e y e r  f l a s k s .  One h u n d r e d  ml o f  1
NH.OAc (pH 7 . 0 )  we r e  a d d e d  I n t o  t h e  f l a s k ,  and  s a m p l e s
we r e  s h a k e n  f o r  h a l f  an h o u r  on a r e c i p r o c a t i n g  s h a k e r .
S a m p l e s  we r e  t h e n  f i l t e r e d  t h r o u g h  a Whatman No .  42 f i l t e r
»
p a p e r  and  t h e  f i l t r a t e  c o l l e c t e d .
C a l c i u m  and m a g n e s i u m  i n  t h e  f i l t r a t e ,  we r e  d e t e r m i n e d  
by a t o m i c  a b s o r p t i o n  s p e c t r o s c o p y .  Sod i um and p o t a s s i u m  i n  
t h e  f i l t r a t e  we r e  d e t e r m i n e d  by f l a m e  e m i s s i o n  s p e c t r o s c o p y  
and  t h e  c o n c e n t r a t i o n s  r e a d  f r om  a p p r o p l a t e  s t a n d a r d  c u r v e s .  
C o n c e n t r a t i o n s  o f  a l l  t h e  c a t i o n s  we r e  e x p r e s s e d  i n  meq 
b a s e / 1 0 0  g o f  s o i I .
S i l i c o n  i n  S a t u r a t i o n  E x t r a c t s
S i l i c o n  i n  s a t u r a t i o n  e x t r a c t s  was d e t e r m i n e d  by p l a c i n g  
s o i l  s a m p l e s  (> 50 g )  i n t o  l e a c h i n g  t u b e s .  W a t e r  was a dded  
s l o w l y  w i t h  a s q u e e z e  b o t t l e  u n t i l  t h e  s o i l s  w e r e  s a t u r a t e d  
a f t e r  w h i c h  t h e  s y s t e m s  we r e  c o v e r e d  w i t h  a p l a s t i c  s h e e t  and  
a l l o w e d  t o  s t a n d  f o r  two  d a y s .  T h e n ,  1 o r  2 ml a l i q u o t s  o f  
w a t e r  we r e  a d d e d  t o  t h e  c o l u m n s  a t  I n t e r v a l s  o f  5 t o  10 
m i n u t e s  u n t i l  8  t o  10 ml o f  s o l u t i o n  we r e  d i s p l a c e d  ( F o x ,
E x c h a n g e a b l e  B a s e s :  C a ,  M g , Na and  K
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S i l i c o n  I n  s o l u t i o n  was d e t e r m i n e d  by t h e
s 1 1 I c o - m o l y b d a t e  me t hod  o f  K i l m e r  (1 9 6 5 ) .  A s u i t a b l e
a l i q u o t ,  u s u a l l y  5 m l ,  was p l a c e d  I n t o  a 50 ml v o l u m e t r i c k
f l a s k  and  g l a s s  d i s t i l l e d  w a t e r  was a d d e d  u n t i l  t h e  f l a s k  was
a b o u t  t w o - t h i r d s  f u l l .  One m i l l i l i t e r  o f  ammon i um m o l y b d a t e
s o l u t i o n  was a d d e d  and  m i x e d ;  t h i s  s o l u t l o m  was p r e p a r e d  by
d i s s o l v i n g  7 . 5  g o f  ammon i um m o l y b d a t e  I n  75 ml o f  w a t e r  and
»
t h e n  a d d i n g  1 0  ml o f  18 H H2 SO4  and  d i l u t i n g  t o  a 
v o l u m e  o f  100 ml w i t h  w a t e r .  T h i r t y  m i n u t e s  w e r e  a l l o w e d  f o r  
c o l o r  d e v e l o p m e n t .  T h r e e  m i l l i l i t e r s  o f  \Q% o x a l i c  a c i d  
s o l u t i o n  w e r e  a d d e d ,  c a r e  b e i n g  t a k e n  t o  a l l o w  I t  t o  r u n  down 
t h e  g l a s s  n eck  o f  t h e  f l a s k  t o  d e s t r o y  any  p h o s p h o - m o I y b d a t e  
compound  t h a t  had  f o r m e d .  A f t e r  one t o  t w o . m i n u t e s ,  I ml o f  
r e d u c i n g  s o l u t i o n  was a d d e d  and  m i x e d  w e l l .  T h i r t y  m i n u t e s  
we r e  a l l o w e d  f o r  c o l o r  d e v e l o p m e n t  and t h e  o p t i c a l  d e n s i t y  
was r e a d  a t  650 nm.  The SI c o n c e n t r a t i o n  was o b t a i n e d  by 
r e f e r r i n g  t o  a s t a n d a r d  c u r v e  and e x p r e s s e d  I n  ug/ml  o f  
s o l u t i o n .  The r e d u c i n g  s o l u t i o n  was p r e p a r e d  by d i s s o l v i n g  
0 . 7  g o f  s o d i u m  s u l f i t e  I n  10 ml o f  w a t e r  a f t e r  w h i c h  0 . 1 5  g 
o f  1 - a m I n o - 2  n a p t h a I - 4 - s u I f o n  I c  a c i d  was a d d e d  and s t i r r e d .  
T h i s  s o l u t i o n  was t h e n  a d d e d  t o  9 g o f  s o d i u m  b i s u l f i t e  
d i s s o l v e d  I n  90 ml o f  w a t e r .  G l a s s  d i s t i l l e d  w a t e r  was a d d e d  
t o  v o l u m e  and m i x e d  a g a i n .
1 9 8 1 ) .
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P h o s p h o r u s  I n  S a t u r a t i o n  E x t r a c t s
P h o s p h o r u s  i n  s a t u r a t i o n  e x t r a c t s  was r e c o v e r e d  I n  t h e  
same manne r  as s i l i c o n  I n  s a t u r a t i o n  e x t r a c t s .  Ten 
m i l l i l i t e r s  o f  s o l u t i o n  we r e  used  f o r  c o l o r  d e v e l o p m e n t  by 
t h e  a s c o r b i c  a c i d  me t hod  o f  Mu r phy  and R i l e y  . ( 1 9 6 2 ) .  ,
t
V
O l s e n  P h o s p h o r u s
Sod i um  b i c a r b o n a t e  e x t r a c t a b l e  p h o s p h o r u s  was d e t e r m i n e d  
by t h e  p r o c e d u r e  o f  O l s e n  e t  a l .  ( 1 9 5 4 ) .  F i v e  g r ams  o f  s o l i  
( o v e n  d r y  b a s i s )  was e x t r a c t e d  w i t h  100 ml o f  0 . 5  M NaHCO^
(pH 8 . 5 )  I n  250  ml E r l e n m e y e r  f l a s k s .  S a mp l e s  we r e  s h a k e n  
f o r  h a l f  an h o u r  I n  a w r i s t  a c t i o n  s h a k e r .  The s o l u t i o n  was 
f i l t e r e d  t h r o u g h  a Whatman No .  42 f i l t e r  p a p e r ,  and t h e  
o p t i c a l  d e n s i t y  o f  t h e  a l i q u o t s  was r e a d  a t  700 nm.  One t o  
two  m i l l i l i t e r  a l i q u o t s  we r e  used  f o r  a c t u a l  c o l o r  
d e v e l o p m e n t  and  o p t i c a l  d e n s i t y  r e a d  a g a i n  a t  700 nm.  For  
each  m i l l i l i t e r  o f  a l i q u o t ,  one  m i l l i l i t e r  o f  0 . 5  M 
H2 S0 ^ we r e  a d d e d  so t h a t  t h e  pH o f  t h e  s y s t em w o u l d  be 
c o r r e c t  f o r  c o l o r  d e v e l o p m e n t .
72
Br a y  and K u r t z  No .  I P h o s p h o r u s
A c i d  f l o u r l d e  e x t r a c t a b l e  p h o s p h o r u s  was d e t e r m i n e d  by 
t h e  p r o c e d u r e  o f  B r a y  and K u r t z  ( 1 9 4 5 ) .  F i v e  g r ams  o f  s o i l  
( o v e n  d r y  b a s i s )  was e x t r a c t e d  w i t h  50 ml o f  s o l u t i o n  w h i c h  
was 0 . 0 3  H I n  r e f e r e n c e  t o  NH. F  and 0 . 0 2 5  H I n  
r e f e r e n c e  t o  H C I . E x t r a c t i o n  was done  on 250  ml E r l e n m e y e r  
f l a s k s  s h a k e n  f o r  f i v e  m i n u t e s  w i t h '  a w r i s t  a c t i o n  s h a k e r .
The s o l u t i o n  was f i l t e r e d  t h r o u g h  Whatman No .  42 f i l t e r  p a p e r  
and  1 0  ml a l i q u o t s  we r e  used  f o r  c o l o r  d e v e l o p m e n t .
P h o s p h o r u s  A d s o r p t i o n  Cu r v e s
The  p r o c e d u r e  f o r  c o n s t r u c t i n g  P s o r p t i o n  c u r v e s  was 
t h a t  o f  Fox  and  K a m p r a t h  ( 1 9 7 0 ) .  T h r e e  g r am s o i l  s a m p l e s  
( o v e n  d r y  b a s i s )  we r e  p l a c e d  on 50 ml c e n t r i f u g e  t u b e s .
T h i r t y  m i l l i l i t e r s  o f  0 . 0 1  M C a C l 2  c o n t a i n i n g  I n c r e a s i n g  
a mo u n t s  o f  P as Ca ( H 2 P 0 ^ ) 2  we r e  a d d e d  and  s a m p l e s  we r e  
e q u i l i b r a t e d  f o r  s i x  d a y s .  Two d r o p s  o f  t o l u e n e  we r e  a d d e d  
t o  each  s a m p l e  t o  r e t a r d  m i c r o b i a l  a c t i v i t y .
The s a m p l e s  we r e  s h a k e n  t w i c e  d a l l y  f o r  30 m i n u t e  
p e r i o d s .  The e q u i l i b r a t e d  s a m p l e s  we r e  c e n t r i f u g e d  I n  a 
s u p e r - s p e e d  c e n t r i f u g e  a t  1 5 , 0 0 0  rpm f o r  15 m i n u t e s .  An 
a l i q u o t ,  u s u a l l y  10 m l ,  was used  t o  d e t e r m i n e  P I n  s o l u t i o n .  
P h o s p h o r u s  w h i c h  d i s s a p p e a r e d  f r om s o l u t i o n  was c o n s i d e r e d  t o
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h a v e  been  s o r b e d .  P l o t s  o f  s o r b e d  P a g a i n s t  P I n  s o l u t i o n  
w e r e  c o n s t r u c t e d ,  and  f r om  them t h e  amoun t  o f  P s o r b e d  a t  
0 . 0 2  and  0 . 2  ug P/ml  we r e  r e a d  and  r e c o r d e d .  The b u f f e r i n g  
c a p a c i t y  o f  t h e  s o i l s .  I n  r e l a t i o n  t o  P,  was d e t e r m i n e d  by 
c a l c u l a t i n g  t h e  s l o p e  o f  t h e  c u r v e  b e tween  0 . 1 5  and  0 . 2 5  ug 
P/ml  .
* \
E x c h a n g e a b l e  A l u m i n u m
A l u m i n u m  was e x t r a c t e d  f r om  s o i l  s a m p l e s  h a v i n g  a pH o f
5 . 5  o r  l e s s .  The e x t r a c t a n t  was I M K C I .  F i v e  g r ams  o f  
s o i l  ( o v e n  d r y  b a s i s )  was e x t r a c t e d  w i t h  125 ml o f  I H KCI 
I n  250  ml E r l e n m e y e r  f l a s k s .  S a mp l e s  we r e  s h a k e n  f o r  h a l f  
an h o u r  I n  a w r i s t - a c t l o n  s h a k e r  and  t h e n  f i l t e r e d  t h r o u g h  a 
Wha tman  No .  42 f i l t e r  p a p e r .  A l um i n um  I n  t h e  f i l t r a t e  was 
d e t e r m i n e d  by t i t r a t i o n  u s i n g  t h e  p r o c e d u r e  d e s c r i b e d  by 
McLean  ( 1 9 6 5 ) .
E x t r a c t a b I e  Su l  f u r
E x t r a c t a b l e  s u l f u r  was d e t e r m i n e d  by a t u r b I d I m e t r I c  
me t h o d  d e s c r i b e d  by Fox ( 1 9 8 3 ,  I n  r e v i s i o n ) .  T h r e e  g r ams  o f  
s o i l  ( o v e n  d r y  b a s i s )  was e x t r a c t e d  w i t h  30  ml o f  0 . 0 4  M 
Ca ( H 2 P0 ^ ) 2   ^ 50-ml  c e n t r i f u g e  t u b e s .  S a m p l e s  we r e
s h a k e n  c o n t i n u o u s l y  f o r  16 h o u r s  I n  a r e c I  p r o c a t  I n g  s h a k e r .
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The e x t r a c t a n t  was p r e p a r e d  by a d d i n g  89 g o f  p h o s p h o r i c  a c i d  
( 8 8 $ )  t o  a b o u t  5 l i t e r s  o f  d i s t i l l e d  w a t e r .  A s u s p e n s i o n  
c o n t a i n i n g  40 g o f  CaCOj  I n  one  l i t e r  o f  w a t e r  was a d d e d  t o  
t h e  a b o v e  s o l u t i o n  s l o w l y  and w i t h  c o n s t a n t  s t i r r i n g .  The 
s o l u t i o n  was t h e n  d i l u t e d  t o  a l i t t l e  l e s s  t h a n  1 0  l i t e r s  and  
I t s  pH a d j u s t e d  t o  4 . 0  w i t h  a s a t u r a t e d  C a ( 0 H ) 2  s o l u t i o n .  
Vo l ume  was made t o  10 l i t e r s  B l a k e m o r e  e t  a l . .  ( 1 9 8 1 ) .  >The 
s o l u t i o n  was t h e n  c e n t r i f u g e d  I n  a s u p e r - s p e e d  c e n t r i f u g e  a t  
1 0 , 0 0 0  r pm f o r  1 0  m i n u t e s  and 2 0  ml o f  t h e  s u p e r n a t a n t  
s o l u t i o n  we r e  d e c a n t e d  I n t o  a n o t h e r  c e n t r i f u g e  t u b e .
Two t e n t h s  o f  a g r am o f  a c t i v a t e d  c h a r c o a l  we r e  a d ded  
and s t i r r e d  o c c a s i o n a l l y .  ( The  c h a r c o a l  had been  p r e p a r e d  by 
b o i l i n g  250  g o f  c h a r c o a l  ( e . g .  N o r i t  NK) w i t h  250  ml o f  1 +
1 HCI f o r  10 t o  15 m i n u t e s .  The c h a r c o a l  was a l l o w e d  t o  
s e t t l e  down and  t h e  s u p e r n a t a n t  l i q u i d  was d e c a n t e d .  The 
c h a r c o a l  was t h e n  washed  t h o r o u g h l y  I n  a B u c h n e r  f u n n e l  w i t h  
d i s t i l l e d  w a t e r  and d r i e d  a t  105° C ) . A f t e r  30 m i n u t e s ,  
s a m p l e s  we r e  f i l t e r e d  and  t h e  c l e a r  e x t r a c t  o b t a i n e d  was used  
f o r  a n a l y s i s .  F i v e  ml o f  t h e  d e c o l o r i z e d  e x t r a c t  was 
t r a n s f e r r e d  I n t o  a 30 ml b e a k e r  and e v a p o r a t e d  t o  d r y n e s s  I n  
a d r y i n g  o v en  a t  a p p r o x i m a t e l y  100°C. The r e s i d u e  I s  
w h i t e .  A f t e r  t h e  b e a k e r  c o n t a i n i n g  t h e  r e s i d u e  had c o o l e d  
d own ,  I ml o f  a c l d - s u l f a t e  s p i k e  s o l u t i o n  was a d d e d .  (The 
s p i k e  s o l u t i o n  was p r e p a r e d  by a d d i n g  40 ml o f  1 + 1 
HC I - H 2 O and  20 mg o f  SO^-S t o  a 1 l i t e r  v o l u m e t r i c  f l a s k
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and  d i l u t i n g  t o  v o l u m e  ( o n e  m i l l i l i t e r  o f  t h i s  s o l u t i o n  
c o n t a i n s  20 ug o f  S ) ) .  The b e a k e r  was r o t a t e d  c o n t i n u o u s l y  
u n t i l  t h e  r e s i d u e  was d i s s o l v e d ,  t h e n  1 ml o f  B a C l 2 - s e e d  
c r y s t a l  g e l a t i n  r e a g e n t  was a d ded  and  t h e  b e a k e r  s w i r l e d .
( The  B a C l 2 “ seed  c r y s t a l  g e l a t i n  r e a g e n t  was p r e p a r e d  by 
d i s s o l v i n g  0 . 6  g o f  g e l a t i n  ( D I f c o  B a c t o - G e l a t  1n ,  D l f c o  
L a b o r a t o r y  I n c . ,  D e t r o i t  M i c h )  I n 200  ml o f  h o t  w a t e r  
( 6 0 - 7 0 °C ) . The p r e p a r a t i o n  was t h e n  a l l o w e d  t o  s t a n d  a t  
a p p r o x i m a t e l y  4°C f o r  16 h o u r s .  One h u n d r e d  ml o f  t h e  
g e l a t i n  s o l u t i o n  we r e  b r o u g h t  t o  room t e m p e r a t u r e  and 1 g o f  
B a C l 2 “ 2 H2 0  was a d d e d  and  m i x e d  w e l l  u n t i l  t h e  
B a C l 2 “ 2 H2 0  was d i s s o l v e d .  The r e a g e n t  was s t o r e d  I n  a 
r e f r i g e r a t o r  (max i mum s t o r a g e  1 week )  and  b e f o r e  u s i n g  I t ,  i t  
was  a l l o w e d  t o  s t a n d  a t  r oom t e m p e r a t u r e  f o r  a t  l e a s t  two  
h o u r s ) .  A f t e r  5 m i n u t e s ,  10 ml o f  B a r i u m  c h l o r i d e  r e a g e n t ,  
p r e p a r e d  by a d d i n g  1 0  g o f  B a C l 2 ~ 2 H2 0  t o  1 l i t e r  o f  
d i s t i l l e d  w a t e r ,  we r e  a d d e d  and  c o n t e n t s  I n  t h e  b e a k e r  
s w i r l e d  a g a i n .  A f t e r  30 m i n u t e s ,  t h e  s u s p e n s i o n  was 
t i t u r a t e d  w i t h  a r u b b e r  p o l i c e m a n ,  s w i r l e d  and  I m m e d i a t e l y  
t r a n s f e r r e d  t o  a c u v e t t e .  A b s o r b a n c e  was r e a d  a t  600  nm,  and  
t h e  SO^-S c o n c e n t r a t i o n  was d e t e r m i n e d  f r o m  an a p p r o p l a t e  
s t a n d a r d  c u r v e .
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S u l f a t e  A d s o r p t i o n  Cu r v e s
Fo r  t h e  p u r p o s e  o f  c o n s t r u c t i n g  S s o r p t i o n  c u r v e s ,  3 g
s o i l  s a m p l e s  (oven ,  d r y  b a s i s )  we r e  p l a c e d  on 50-ml  c e n t r i f u g e
tubes and e q u i l i b r a t e d  with 30  ml o f  0 . 0 1  M CaCI^
• \
c o n t a i n i n g  I n c r e a s i n g  amoun t s  o f  SO^-S.  E q u i l i b r a t i o n  was 
c a r r i e d  o u t  on a r e c i p r o c a t i n g  s h a k e r  by c o n t i n u o u s  s h a k i n g  
f o r  24 h o u r s .  Two d r o p s  o f  t o l u e n e  we r e  a d d e d  t o  each  s a m p l e  
t o  r e t a r d  m i c r o b i a l  g r o w t h .  The e q u i l i b r a t e d  s a m p l e s  we r e  
c e n t r i f u g e d  I n  a s u p e r - s p e e d  c e n t r i f u g e  a t  1 0 , 0 0 0  r pm f o r  1 0  
m i n u t e s .  A p p r o p l a t e  a l i q u o t s  o f  t h e  s u p e r n a t a n t  s o l u t i o n  
we r e  t r e a t e d  I n  t h e  same manne r  as t h o s e  f o r  e x t r a c t a b l e  
s u l f u r  t o  d e t e r m i n e  t h e  SO^-S  r e m a i n i n g  I n  s o l u t i o n .
S u l f a t e  s u l f u r  w h i c h  d i s a p p e a r e d  f r om  s o l u t i o n  was c o n s i d e r e d  
t o  h a v e  been  s o r b e d .  P l o t s  o f  s o r b e d  SO^-S a g a i n s t  SO^-S 
I n  s o l u t i o n  we r e  c o n s t r u c t e d  and  f r om  t h em ,  t h e  amoun t  o f  
SO^-S s o r b e d  a t  5 ug S/ml  we r e  r e a d  and r e c o r d e d .
L I  me C u r v e s
L i me  c u r v e s  we r e  c o n s t r u c t e d  f o r  a l l  s o i l s  h a v i n g  a pH 
o f  5 . 8  o r  l e s s .  From t h e  c u r v e s  t h e  amount  o f  C a ( 0 H ) 2  
r e q u i r e d  t o  a t t a i n  pH 6 . 0 ,  6 . 5  and 7 . 0  we r e  r e a d  and
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r e c o r d e d .
Ten g r am s o i l  s a m p l e s  ( o v e n  d r y  b a s i s )  we r e  p l a c e d  on 50 
ml c e n t r i f u g e  t u b e s .  I n c r e a s i n g  a moun t s  o f  a s a t u r a t e d  
s o l u t i o n  o f  C a ( 0 H ) 2  ( I I me wa t e r  0 . 0 4 2  11) we r e  a d d e d  and  
t h e  v o l u m e  was a d j u s t e d  t o  25 ml w i t h  w a t e r .  The s a m p l e s  
we r e  e q u i l i b r a t e d  f o r  8  d a y s  w i t h  o c c a s i o n a l  s h a k i n g .  S o i l  
pH was r e a d  on t h e  s a m p l e  e v e r y  two  t o  t h r e e  , days  u n t l j  
e q u i l i b r i u m  had been  r e a c h e d .  G e n e r a l l y ,  t h e . s a m p l e s  t o o k  7 
t o  8  d a y s  t o  e q u i l i b r a t e .  P l o t s  o f  pH v s .  meq C a ( 0 H ) 2  
a d d e d / 1 0 0  g o f  s o i l  we r e  p l o t t e d .
S t a t i s t i c a l  a nd  G e o s t a t l s t i c a l  A n a l y s i s  P r o c e d u r e s
S t a t l s t I c a I  c a I c u I  a t  I o n s  we r e  made u s i n g  t h e  S t a t i s t i c a l  
A n a l y s i s  Sys t em (SAS)  ( B a r r  e t  a l . ,  1 9 7 9 ) .
S e m l - v a r I a n c e s  and  s e m I - v a r I o g r a m s  we r e  c a l c u l a t e d  and 
p l o t t e d  u s i n g  t h e  me t hod  d e s c r i b e d  by M a t h e r o n  ( 1 9 6 3 ) .  
I n t e r p o l a t i o n  o f  d a t a  p o i n t s ,  was done  by p o i n t  k r l g l n g  as 
d e s c r i b e d  by J o u r n e l  and  H u I J b r e g t s  ( 1 9 7 8 ) .
M a p p i n g  o f  b o t h  t h e  o r i g i n a l  and k r l g e d  d a t a  was done  by 
a c o n t o u r i n g  c o mp u t e r  p r o g r a m  as d e s c r i b e d  by B r i d g e s  and 
B e c k e r  ( 1 9 7 6 ) .
P a r t i t i o n i n g  v a r i a t i o n  o f  s o i l  c h e m i c a l  p r o p e r t i e s  
a c c o r d i n g  t o  S o i l  Taxonomy  ( S o i l  S u r v e y  S t a f f ,  1 9 7 5 ) ,  we r e  
done  by u s i n g  t h e  G e n e r a l  L i n e a r  Mode l  (GLM)  p r o c e d u r e .
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I V .  RESULTS AND D ISCUSS ION
P a r t i t i o n i n g  V a r i a t i o n  i n  S o i l  Ch e m i c a l  P r o p e r t i e s  
S o l i  Taxonomy  i s  a h i e r a r c h i c a l  c l a s s i f i c a t i o n  s y s t e m .
* I
I t  s u b d i v i d e s  s o i l s  p r o g r e s s i v e l y  I n t o  new g r o u p s  o r  
c a t e g o r i e s  u n t i l  i n d i v i d u a l  s o i l s  a r e  c l a s s i f i e d  o r  
i d e n t i f i e d .  T h u s ,  s o i l  m i n e r a  I o g i c a I  and  c h e m i c a l  p r o p e r t i e s  
and  s o i l  b e h a v i o r ,  w h i c h  i s  b a sed  on t h o s e  p r o p e r t i e s ,  can  be 
p r e d i c t e d  mo r e  a c c u r a t e l y  by each s u c c e s s i v e  s u b d i v i s i o n  o f  
t h e  s o i l  c l a s s i f i c a t i o n  s y s t e m .
The  mode l  u sed  I n  t h i s  s t u d y  i s  t h e  same mode l  u sed  by 
S o i l  Taxonomy  i n  g r o u p i n g  s o i l s ,  n a m e l y ;  o r d e r ,  s u b o r d e r ,  
g r e a t  g r o u p ,  s u b g r o u p ,  f a m i l y ,  and s e r i e s .  The m a p p i n g  u n i t  
l e v e l  was  a l s o  I n c l u d e d  even  t h o u g h  we r e c o g n i z e  t h a t  i t  i s  
n o t  p a r t  o f  S o i l  T a x o n omy .  T h i s  same mode l  was used  by Y o s t  
and  Fox  ( 1 9 8 1 )  f o r  a s i m i l a r  s t u d y  u s i n g  s o i l s  o f  t h e  
s u b o r d e r  A n d e p t s .  I n  t h i s  s t u d y  s o i l s  b e l o n g i n g  t o  f i v e  
d i f f e r e n t  o r d e r s  we r e  c o n s i d e r e d .
A r e s i d u a l  mean s q u a r e  was c a l c u l a t e d  f o r  each  
s u c c e s s i v e  c a t e g o r y  o f  t h e  c l a s s i f i c a t i o n  scheme ( I . e .  o r d e r ,  
s u b o r d e r ,  g r e a t  g r o u p ,  e t c . )  and  e x p r e s s e d  as a p e r c e n t  o f  
t h e  t o t a l  v a r i a n c e .  These  v a l u e s  we r e  t h e n  p l o t t e d  a g a i n s t  
t h e  number  o f  t a x a  i n  each  t a x o n o m i c  c a t e g o r y  ( F i g u r e s  3
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t h r o u g h  7 ) .  R e s i d u a l  mean s q u a r e  r e p r e s e n t s  t h e  r a ndom o r  
u n e x p l a i n e d  v a r i a t i o n  t h a t  o c c u r s  among s o i l s .  T h e r e f o r e ,  
t h e  r e s i d u a l  mean s q u a r e  s e r v e  as good  c r i t e r i a  t o  a c c o u n t  
f o r  t h e  v a r i a t i o n  o f  c h e m i c a l  p r o p e r t i e s  among s o i l s .  The 
o t h e r  c o mp o n e n t  o f  v a r i a t i o n  among s o i l s  I s  s y s t e m a t i c  
v a r i a t i o n ,  w h i c h  S o i l  Taxonomy  s h o u l d  a c c o u n t  f o r  ( Y o s t  and 
F o x ,  1 9 8 1 ) .  The S o i l  Taxonomy c a t e g o r y  t h a t  g a v e  t h e  
g r e a t e s t  d e c r e a s e  r e s i d u a l  mean s q u a r e  was c o n s i d e r e d  t o  be 
t h e  b e s t  p a r t i t i o n  o f  v a r i a b i l i t y  among s o i l s .
The  v a r i a t i o n  among s u r f a c e  s o i l s  o f  e x c h a n g e a b l e  
m a g n e s i u m  and  p o t a s s i u m  and  f o r  e x c h a n g e a b l e  m a g n e s i u m  I n  t h e  
s u b s o i l  ( F i g u r e s  1 ,  2 ,  and  5)  was b e s t  p a r t i t i o n e d  a t  t h e  
f a m i l y  l e v e l .  The m a p p i n g  u n i t  l e v e l  p r o d u c e d  t h e  l o w e s t  
p e r c e n t  r e s i d u a l  mean s q u a r e  I n  t h e  c a se  o f  s u r f a c e  s o i l s  pH,  
e x c h a n g e a b l e  c a l c i u m ,  s i l i c o n  I n  s a t u r a t i o n  e x t r a c t s ,  and  I n  
t h e  c a s e  o f  s u b s o i l  pH and e x c h a n g e a b l e  c a l c i u m  ( F i g u r e s  1,
2 ,  and  5 ) .  H o w e v e r ,  t h e  p e r c e n t  r e s i d u a l  mean s q u a r e  
a s s o c i a t e d  w i t h  t h e  m a p p i n g  u n i t  was n o t  v e r y  d i f f e r e n t  f r om 
t h a t  o f  t h e  f a m i l y  l e v e l  f o r  t h e s e  s o i l  p r o p e r t i e s ,  and  I n  
f a c t  t h e  g r e a t e s t  d e c r e a s e  I n  p e r c e n t  r e s i d u a l  mean s q u a r e  
was a s s o c i a t e d  w i t h  t h e  f a m i l y  l e v e l .  I n  o t h e r  w o r d s ,  t h e  
v a r i a t i o n  I n  t h e s e  c h e m i c a l  p r o p e r t i e s  among s o i l s  I s  
a c c o u n t e d  b e s t  by t h e  m a p p i n g  u n i t ;  b u t  m o v i n g  w i t h i n  t h e  
h i e r a r c h i c a l  p r o g r e s s i o n  f r om t h e  f a m i l y  l e v e l  t o  t h e  m a p p i n g  
u n i t  l e v e l  p r o d u c e s  l i t t l e  r e f i n e m e n t  and t h u s ,  f o r  a l l
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F i g u r e  3 The v a r i a t i o n  o f  pH,  e x c h a n g e a b l e  Ca and Mg,  and 
a n n u a l  m e d i a n  r a i n f a l l  e x p r e s s e d  as a p e r c e n t  o f  t h e  
t o t a 1 v a r I a n c e .
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F i g u r e  4 .  The v a r i a t i o n  o f  e x c h a n g e a b l e  Na 
s a t u r a t i o n  e x t r a c t s  e x p r e s s e d  as 
v a r i a n c e .
and K,  and SI  i n  
p e r c e n t  o f  t o t a l
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Number of Taxa/Soil Taxonomic Category
F i g u r e  5 .  The v a r i a t i o n  o f  e x t r a c t a b l e  S,  S s o r b e d  a t  5 ppm,  
01 sen P,  and  B r ay  No.  1 P e x p r e s s e d  as p e r c e n t  o f  
t o t a l  v a r i a n c e .
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F i g u r e  6 . The v a r i a t i o n  o f  P i n  s a t u r a t i o n  e x t r a c t s ,  P
s o r b e d  a t  0 . 0 2  ppm,  P s o r b e d  a t  0 . 2  ppm,  and P 
b u f f e r i n g  c a p a c i t y  e x p r e s s e d  as p e r c e n t  o f  t o t a l  
V a r I a n c e .
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Number of Taxa/Soil Taxonomic Category
F i g u r e  7 .  The v a r i a t i o n  o f  s u b s o i l  pH,  and e x c h a n g e a b l e  Ca 
and Mg e x p r e s s e d  as p e r c e n t  o f  t o t a l  v a r i a n c e .
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p r a c t i c a l  p u r p o s e s ,  v a r i a t i o n  can be p a r t i t i o n e d  b e s t  a t  t h e
f a m i l y  c a t e g o r y .  The se  r e s u l t s  a r e  n o t  s u r p r i s i n g  b e c a u s e
t h e  c r i t e r i a  used  by S o i l  Taxonomy  t o  g r o u p  s o i l s  I n t o
f a m i l i e s  a r e  I m p o r t a n t  f o r  d e t e r m i n i n g  c h e m i c a l  p r o p e r t i e s ;
t h e s e  a r e ;  . b r o a d  s o i l  t e x t u r a l  c l a s s e s  a v e r a g e  o v e r  c o n t r o l
s e c t i o n  o r  s o l u m ;  m I n e r a I o g I c a I  c l a s s e s  o r  d o m i n a n t
• \
m i n e r a l o g y  o f  s o l u m ;  and  s o i l  t e m p e r a t u r e  c l a s s e s  b a s e d  on 
mean a n n u a l  s o i l  t e m p e r a t u r e  a t  50 cm.  d e p t h  ( S o i l  S u r v e y  
S t a f f ,  1 9 7 5 ;  Buo l  e t  a l . ,  1 9 8 0 ) .
The v a r i a t i o n  among s o i l s  I n  e x t r a c t a b l e  s u l f u r ,  s u l f u r  
s o r b e d  a t  5 ppm,  O l s e n  P,  B r a y  No .  1 P,  P s o r b e d  a t  b o t h  0 . 0 2  
and  0 . 2  ppm,  and  P b u f f e r i n g  c a p a c i t y ,  was b e s t  a c c o u n t e d  f o r  
by t h e  m a p p i n g  u n i t  l e v e l .  The c r i t e r i a  used  t o  d i v i d e  s o i l s  
I n t o  m a p p i n g  u n i t s  I s  s o i l  t e x t u r e ;  t h u s ,  a p p a r e n t l y  s o i l  
t e x t u r e  p l a y s  a v e r y  I m p o r t a n t  r o l e  I n  d e t e r m i n i n g  how much 
p h o s p h a t e  and  s u l f a t e  can be s o r b e d  by s o i l s ,  and  how much 
p h o s p h a t e  and  s u l f a t e  can be e x t r a c t e d  f r om  t h e  s o i l .  S o i l  
t e x t u r e  I s  f i r s t  used  i n  S o i l  Taxonomy a t  t h e  f a m i l y  l e v e l .  
H o w e v e r ,  t h e  v a r i a t i o n  o f  t h e s e  c h e m i c a l  p r o p e r t i e s  among 
s o i l s  was n o t  e f f e c t i v e l y  p a r t i t i o n e d  by t h e  f a m i l y  l e v e l ,  
p r o b a b l y  b e c a u s e  a t  t h i s  l e v e l  o n l y  t h e  b r o a d  s o i l  t e x t u r a l  
c l a s s e s  a r e  u s e d .  On l y  a t  t h e  m a p p i n g  u n i t  l e v e l  I s  t h e  
a c t u a l  t e x t u r e  o f  t h e  s o i l  used  as a c r i t e r i a  t o  g r o u p  s o i l s .  
As I t  w i l l  be seen  l a t e r ,  t h e  s e p a r a t i o n  o f  means o f  s u l f u r  
and  p h o s p h o r u s  was b e s t  a t  t h e  m a p p i n g  u n i t  l e v e l .  Fo r
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e x a m p l e .  I n  t h e  c a s e  o f  e x t r a c t a b l e  P,  mean s e p a r a t i o n  o n l y
o c c u r s  a t  t h i s  l e v e l .  These  r e s u l t s  o f  c o u r s e  a g r e e  w i t h  t h e
r e s u l t s  o f  p e r c e n t  r e s i d u a l  mean s q u a r e .  S o i l  t e x t u r e
I n f l u e n c e s  P s o r p t i o n  and  S s o r p t i o n  by s o i l s  b e c a u s e  s o i l
t e x t u r e  and  s p e c i f i c  s u r f a c e  a r e  c l o s e l y  r e l a t e d .  T h u s ,
o t h e r  f a c t o r s  b e i n g  e q u a l ,  s o i l s  w i t h  h i g h  s p e c i f i c  s u r f a c e
» >
s o r b  mo r e  S and  P t h a n  o t h e r  s o i l s .  How s t r o n g l y  s o i l s  t e n dt
t o  s o r b  o r  r e t a i n  t h e s e  a n i o n s  may I n f l u e n c e  t h e  amoun t  o f  P 
and  S t h a t  can  be e x t r a c t e d .  I n t h i s  s t u d y ,  when t h e  
d i f f e r e n t  m a p p i n g  u n i t s  w e r e  t r e a t e d  as d i s t i n c t  t e x t u r a l  
c l a s s e s ,  t h o s e  t h a t  we r e  s i l t ,  s i l t  l o a m ,  and s i l t y  c l a y  a l s o  
had  t h e  l a r g e s t  a mo u n t s  o f  e x t r a c t a b l e  P.  S o i l s  t h a t  we r e  
l o ams  and  d a y s  c o r r e s p o n d e d  t o  s o i l s  h a v i n g  t h e  l o w e s t  
amoun t s  o f  e x t r a c t a b l e  P.
Y o s t  and  Fox  ( 1 9 8 1 )  d e t e r m i n e d  t h a t  t h e  g r e a t  g r o u p  
l e v e l  g a v e  t h e  b e s t  p a r t i t i o n i n g  o f  v a r i a t i o n  o f  c h e m i c a l  
p r o p e r t i e s  among s e l e c t e d  s o i l s  o f  t h e  s u b o r d e r  A n d e p t s .  The 
s o i l s  t h e y  w o r k e d  w i t h  we r e  s i m i l a r ,  p r o b a b l y  b e c a u s e  t h e y  
d e v e l o p e d  f r o m  s i m i l a r  p a r e n t  m a t e r i a l s  w h i c h  g a v e  r i s e  t o  
s i m i l a r  m I n e r a  I o g I c a I  c l a s s e s .  In t h e i r  s t u d y ,  t h e  g r e a t  
g r o u p  c a t e g o r y  a c c o u n t e d  f o r  a p p r o x i m a t e l y  75 p e r c e n t  o f  t h e  
v a r i a t i o n  o f  t h e  c h e m i c a l  p r o p e r t i e s  s t u d i e d .  T h i s  I s  
e x p e c t e d  b e c a u s e  t h e  g r e a t  g r o u p  was t h e  f i r s t  c a t e g o r y  I n t o  
w h i c h  s o i l s  we r e  d i v i d e d ,  and  when w o r k i n g  w i t h  s o i l s  
b e l o n g i n g  t o  o n l y  one  t a x a  ( I . e .  A n d e p t s )  I t  I s  l i k e l y  t h a t
I
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t h e  f i r s t  s u b d i v i s i o n  w i l l  a c c o u n t  f o r  mos t  o f  t h e  v a r i a t i o n .  
The s t u d y  w h i c h  I s  t h e  s u b j e c t  o f  t h i s  t h e s i s ,  s o i l s  o f  f i v e  
d i f f e r e n t  o r d e r s  w e r e  s e l e c t e d ;  and  as  a r e s u l t ,  t h e  o u t c o me  
f r o m  t h i s  s t u d y  was d i f f e r e n t  f r om  t h a t  o f  Y o s t  and  Fox  
( 1 9 8 1 ) .
• \
S o i l  pH,  B u f f e r i n g  C a p a c i t y ,  and  L i me  R e q u i r e m e n t
The pH o f  s u r f a c e  s o i l s  r a n g e d  f r o m  3 . 2  t o  7 . 7  and  t h e  
mean v a l u e  was 5 . 5  ( T a b l e  3 ) .  I n  s u b s u r f a c e  s o i l s  t h e  
a v e r a g e  pH was 5 . 6  a nd  v a l u e s  r a n g e d  f r o m  3 . 1  t o  7 . 6  ( T a b l e  
4 ) .  G e n e r a l l y ,  t h e  pH o f  s u b s u r f a c e  s o i l s  was l a r g e r  t h a n  
t h a t  o f  t h e  s u r f a c e  s o i l s .  S i m i l a r  o b s e r v a t i o n s  has  been  
p r e v i o u s l y  r e p o r t e d  ( F o x  1 9 8 1 ;  F o x ,  1 9 8 2 ) .
A v e r a g e  pH v a l u e s  o f  s o i l s  b e l o n g i n g  t o  d i f f e r e n t  o r d e r s  
a r e  p r e s e n t e d  I n  T a b l e s  5 and 6 . U l t l s o l s ,  w h i c h  d e v e l o p e d  
u n d e r  t h e  w e t t e s t  c o n d i t i o n s  and  had  t h e  l o w e s t  c o n c e n t r a t i o n  
o f  e x c h a n g e a b l e  b a s e s ,  had  t h e  l o w e s t  a v e r a g e  pH v a l u e ,  4 . 4 .  
On t h e  o t h e r  h a n d ,  M o l l l s o l s  w h i c h  d e v e l o p e d  u n d e r  r e l a t i v e l y  
d r y  c o n d i t i o n s  and had  l a r g e  c o n c e n t r a t i o n s  o f  e x c h a n g e a b l e  
b a s e s ,  had  t h e  l a r g e s t  a v e r a g e  pH v a l u e ,  6 . 3 .
Un d e r  h um i d  t r o p i c a l  c o n d i t i o n s .  I t  has  been  r e p o r t e d
t h a t  b e s t  p l a n t  g r o w t h  i s  o b t a i n e d  a t  t h e  pH r a n g e  5 . 5  t o  6 . 0
( K a m p r a t h ,  1 9 7 0 ) ,  b e c a u s e  i n  t h i s  pH r a n g e  Al and  Mn
t o x i c l t l e s  a r e  r e l a t i v e l y  u n i m p o r t a n t  and a b o v e  pH 6 . 0
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Tab l e  3 .  Mean, standard  dev i a t i o n ,  minimum, and maximum of chemical 
p ro p e r t ie s  of su rface  s o i l s  from the I s l and  of  Maul.
So i l  Chemical Mean Standard D ev ia t io n  Minimum Maximum 
Property
pH 5 .5  0 .9  3 .2  7 .7
Ca (meq/100 g ) 16 .2  1 2 .7  0 .2  40 .2
Mg (meq/100 g) 4 .5  3 .7  0 .0 5  20 .7
K (meq/100 g ) 1 .3  1 0 .07 . 4 .3
Na (meq/100 g) 0 .5  0 .8  0 .05  5 .8
SI In  s a tu ra t io n
e x t ra c ts  (ug/ml )  9.1 4 . 3  1 . 8 21 .7
P In s a tu ra t io n
e x t ra c ts  (ug/ml )  0 .033 0 .039  0.001 0 .195
P re q u ire d  a t
0 .02  ppm (ug/g) 84 152 -300 385
P re q u ire d  a t
0 .2  ppm (ug/g)  520 345 58 1765
P b u f f e r i n g
capac ity  (ug/g)  132 90 30 585
Olsen P (ug/g)  18 17 0 . 6  82
Bray No. 1 P (ug/g)  9 . 6  8 . 8  0 .13  44
Al (meq/100 g) 0 .3 6  0 . 79  0 . 0  3 .3 2
SO^-S (ug/g)  124 128 34 659
S re q u ire d  a t
5 ppm (ug/g)  11 45 121 102
_ _
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Tab le  4 .  Mean, standard d e v ia t io n ,  minimum, and maximum of 
chemical p ro p e r t ie s  of subsurface s o i l  samples 
from the I s l and  of  Maul.
S o il Chemical Mean Standard D ev ia t io n  Minimum Maximum
Property
pH 5 .6  1.1 3 .1  7 .6
» \
Ca (meq/100 g ) 13 .6 12 0 .13  38 .5
I
Mg (meq/100 g) 3 .7  4 .6  0 .03  32^
K (meq/100 g) 0 .8  0 .9  0 .0 4  5 .4
Na (meq/100 g) 0 .5  0 .6  0 .0 5  3 .8
SI In s a tu ra t io n
e x t ra c ts  (ug/ml) 5 .46  3 .33  0 .57  15.17
P In s a tu ra t io n
e x t ra c ts  (ug/ml )  0.021 0 .032  0.001 0 .163
P sorbed a t
0 .02  ppm (ug/g)  215 211 -175 1080
P sorbed a t
0 .2  ppm (ug/g)  768 608 25 3760
P b u f f e r in g
capac ity  (ug/g)  169 144 17 840
Olsen P (ug/g) 12 14 0 .5  73
Bray No. 1 P (ug/g) 4 .3  5 .8  0 .0 9  2 4 .9
Al (meq/100 g) 0 .43  0 .8 2  0 .0  3 .93
Su l f u r  (ug/g)  144 146 0 . 0  6 8 8
S sorbed a t
5 ppm (ug/g)  35 6 6  -110 265
n=63
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T ab le  5 .  Mean o f  chem ica l p r o p e r t ie s  o f  s u r face  s o i l  samples
p a r t i t i o n e d  by o r d e r .
So 11 Ch emIcaI So i l  Order
rr u|^«rTy
Mol 11 so ls  O x Iso ls  H Is to so ls  1n c e p t is o ls
means
Ul t l s o l  s
pH 6 .3 a 5 .9ab 5 .8ab 5 .6b 4 .4 c
Ca (meq/100 g) 1 1 . 6 bc 9 .5c 37 .1a 2 1 b 4 .4c
Mg (meq/100 g) 7 . l ab 4 .4b 8 a 4 .9 ab 0 .9 c
K (meq/100 g) 1 .9a 1 .3ab 1 .7a r . 4 a 0 . 4 b
Na (meq/100 g) 1 . 6 a 0 .7 a 0 . 4 a 0 . 3 a 0 . 2 b
SI In s a tu ra t io n  
e x t ra c ts  (ug/ml) 12.5ab 1 0 . 3  ab 13 .1a 9 .2b 4 .6c
P In  s a tu ra t io n  
e x t ra c ts  (ug/ml) 0 .075a 0 .034ab 0 .045ab 0.031 ab 0.016b
P sorbed a t 
0 . 0 2  ppm (ug/g) - 8 b 6 8 b -187c 8 8 b 233a
P sorbed a t  
0 . 2  ppm (ug/g) 188b 266b 235b 614a 712a
P b u f f e r in g  
capac ity  (ug/g) 56 b 57b 109ab 163a 141 ab
01 sen P (ug/g) 26 .4a 14 .5a 19 .6a 20 .3  a 1 1  . 8 a
Bray No. 1 P (ug/g) 12 .7a 8 .7 a 19 .1a 9 .6 a 7a
SO4 -S (ug/g) 65b 70b 131b 89b 279a
Sul fu r  sorbed 
a t  5 ppm (ug/g) - 1 0 a - 2 1 a -147b 1 1 a 25a
Al (meq/100 g) 0 . 0 1 2 b 0 . 0 2 2 b 0 . 0 b 0 .097b 1 .455a
Median annual 
r a l n f a l 1 (mm) 570c 570c 758bc 849b 1696a
Means fo l low ed  by the same le t t e r  are not s i g n i f i c a n t l y  d i f f e r e n t  at 
the 5$ le ve l by the WalIer-Duncan K - ra t lo  t- t e s t .
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T ab le  6 .  Mean o f  chem ica l p r o p e r t ie s  o f  subsu r face  s o i l  samples
p a r t i t i o n e d  by o r d e r .
S o il Chemical 
P roperty
S o l i  Order
Mol 11 so ls  O x is o ls  In c e p t ls o ls  U l t l s o l s  
________________________________mea n s__________________________________
pH 6 .5 a 6  .Oab 5 .8b 4 .2 c
Ca (meq/100 g) 1 0 . 1 b 8 .3b 14 .4a 2 .4 b
Mg (meq/100 g) 6 . 1 a 3 .6ab 4 . Sab 0 .5 b
K (meq/100 g) 1 .4a 0 .7ab 0 . 8 ab 0 .3b
Na (meq/100 g) 1 . 2 a 0 .7ab 0 .5bc . 0 . 2 c
SI In s a tu ra t io n  
e x t ra c ts  (ug/ml) 6 . 2 a 4 .8 a . 5 .8 a 3 . 7 a
P In s a tu ra t io n  
e x t ra c ts  (ug/ml) 0 .024 0 . 0 2 0 a 0 . 0 2 1 a 0.0071
P sorbed a t  
0 . 0 2  ppm (ug/g) 98a 125a 239a 277 a
P sorbed a t  
0 . 2  ppm (ug/g) 373b 364b 944a 807 ab
P b u f f e r i n g  
capac ity  (ug/g) 75b 81b 217a 159.9ab
Olsen P (ug/g) 11 .7a 1 0 . 6 a 12 .9a 1 0 . 1 a
Bray No. 1 P (ug/g) 5 .2 a 4 . 5a 3 . 3 a 5 .6 a
SO4 -S (ug/g) 75b 6 6 b 98b 324a
Sul fu r  sorbed 
a t  5 ppm (ug/g) -1 .7b 8 a 49a 38a
Al (meq/100 g) 0 .005b 0 . 0 1 1 b 0 .167b 1 .504
Means fo l low ed  by the same le t t e r  are not s i g n i f i c a n t l y  d i f f e r e n t  at  
the 5$ leve l by the WalIer-Duncan K - ra t io  t- te s t .
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r e d u c e d  p l a n t  g r o w t h  may o c c u r .  F u r t h e r m o r e ,  t o  r a i s e  t h e  pH 
o f  v e r y  a c i d  s o i l s  a b o v e  6 . 0  I s  u s u a l l y  c o s t l y .
C a l c i u m  h y d r o x i d e  t i t r a t i o n  c u r v e s  we r e  c o n s t r u c t e d  f o r  
a l l  s o i l  s a m p l e s  h a v i n g  a pH o f  5 . 8  o r  l e s s .  A t o t a l  o f  41 
s u r f a c e  s o i l s  we r e  r e p r e s e n t e d  I n  t h i s  g r o u p .  T y p i c a l  
t i t r a t i o n  c u r v e s  f o r  each  o f  t h e  m i n e r a l  s o l i  o r d e r s  a r e
r \
p r e s e n t e d  I n  F i g u r e  8 . T a b l e  7 p r e s e n t s  t h e  a v e r a g e  l i m e
r e q u i r e m e n t  t o  a t t a i n  d i f f e r e n t  p H’s ,  a v e r a g e  b u f f e r i n g
»
c a p a c i t y ,  and  mean v a l u e s  o f  e x c h a n g e a b l e  Al f o r  each  o f  t h e  
s o i l  o r d e r s .
U l t l s o l s ,  r e p r e s e n t e d  I n  F i g u r e  8  by a member o f  t h e  
H a i k u  s e r i e s ,  r e q u i r e d  t h e  l a r g e s t  amoun t s  o f  l i m e  t o  a t t a i n  
s t a n d a r d  p H ' s .  At  t h e  same t i m e ,  t h e y  we r e  t h e  m ost 
b u f f e r e d  s o i l s  a t  pH r a n g e s  5 . 5  t o  6 . 0 ,  and 6 . 0  t o  6 . 5 .  At 
pH r a n g e  6 . 5  t o  7 . 0  t h e i r  b u f f e r i n g  c a p a c i t y  was se cond  
l a r g e s t .  At  t h i s  pH r a n g e  I n c e p t l s o l s  we r e  t h e  m os t  b u f f e r e d  
s o i l s .  I n t h e  r a n g e  5 . 5  t o  6 . 0  t h e  b u f f e r i n g  c a p a c i t y  I s  
g i v e n  o n l y  f o r  U l t l s o l s  and  I n c e p t l s o l s  b e c a u s e  t h e r e  we r e  no 
s a m p l e s  b e l o n g i n g  t o  O x i s o l s  and  M o l l l s o l s  t h a t  f e l l  I n  t h i s  
r a n g e .  M o l l l s o l s  r e q u i r e d  t h e  s m a l l e s t  amoun t s  o f  l i m e  t o  
a t t a i n  s t a n d a r d  p H ' s ,  and we r e  a l s o  t h e  l e a s t  b u f f e r e d  s o i l s  
I n  t h e  pH r a n g e  6 . 0  t o  6 . 5 .  At pH 6 . 5  t o  7 . 0  O x i s o l s  we r e  
t h e  l e a s t  b u f f e r e d  s o i l s .  R e s u l t s  o b t a i n e d  I n  t h i s  s t u d y  f o r  
O x i s o l s ,  U l t l s o l s ,  and  I n c e p t l s o l s  a r e  n o t  v e r y  d i f f e r e n t  
f r om  t h o s e  o b t a i n e d  by Fox  when w o r k i n g  w i t h  h i g h l y  w e a t h e r e d
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P u e r t o  R i c o  s o i l s  ( F o x ,  1 9 8 2 ) .  I n t h a t  p a r t i c u l a r  s t u d y .  Fox  
f o u n d  t h a t  U l t l s o l s  r e q u i r e d  t h e  l a r g e s t  l i m e  and  we r e  t h e  
m os t  h i g h l y  b u f f e r e d ,  f o l l o w e d  by I n c e p t l s o l s ,  and  th e n  by 
Ox I so I s .
The r e s u l t s  p r e s e n t e d  I n  T a b l e  7 ,  c l e a r l y  show t h a t
t h e s e  s o i l s  a r e  w e a k l y  b u f f e r e d  I n  t h e  pH r a n g e  5 . 0  t o  6 . 0 ,
• \
b u t  as  pH I n c r e a s e s  t o  7 t h e  b u f f e r i n g  c a p a c i t y  I n c r e a s e s  
t r e m e n d o u s l y  ( U e h a r a  and  G i l m a n  1 9 8 1 ) .  T h i s  seems t o  be a 
p a t t e r n  f o l l o w e d  by h i g h l y  w e a t h e r e d  s o i l s  w h i c h  h a v e  a 
c o n s i d e r a b l e  pH d e p e n d e n t  c h a r g e .  T h u s ,  I a r g e a m o u n t s  o f  l i m e  
a r e  r e q u i r e d  t o  s u p p l y  t h e  OH” I o n s  n e c e s s a r y  t o  n e u t r a l i z e  
p r o t o n s  w h i c h  ha ve  been s p e c i f i c a l l y  a d s o r b e d  by t h e  v a r i a b l e  
c h a r g e  c o l l o i d s .  I n  t h i s  s t u d y  c o n s u m p t i o n  o f  l i m e  a t  pH 6 . 5  
t o  7 . 0  was a p p r o x i m a t e l y  t w i c e  t h e  am oun t consum ed a t  pH 5 . 5  
t o  6 . 0 .  S i m i l a r  r e s u l t s  h a v e  been r e p o r t e d  by Fox  f o r  P u e r t o  
R i c o ,  New Z e a l a n d ,  and  H a w a i i  s o i l s  ( F o x ,  1 9 8 1 ;  F o x ,  1 9 8 2 ; ) .  
T h e r e f o r e ,  o n l y  s m a l l  q u a n t i t i e s  o f  l i m e  may s u f f i c e  t o  r a i s e  
t h e  pH o f  a s o i l  t o  5 . 5  o r  6 . 0 ;  h o w e v e r ,  t o  r a i s e  t h e  pH t o
6 . 5  o r  7 . 0 ,  w h i c h  I s  r e q u i r e d  f o r  o p t i mum g r o w t h  o f  some 
l e g u m e s ,  l a r g e  am oun ts  o f  l i m e  a r e  n e e d e d .  T h i s  I s  
e x p e n s i v e .  As a r e s u l t ,  f o r  t h e  mos t  p a r t  I n  t h e  t r o p i c s  I t  
w i l l  be e c o n o m i c a l  t o  r a i s e  t h e  s o i l  pH t o  5 . 5  t h e r e b y  
e l i m i n a t i n g  Al  t o x l c l t l e s  and  p r o v i d i n g  e x c h a n g e a b l e  b a s e s  
such  as Ca ,  Mg ,  and K w h i c h  a r e  good  f o r  p l a n t  g r o w t h .
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Calcium Hydroxide Titration Curves
F i g u r e  8 . C a l c i u m  h y d r o x i d e  t i t r a t i o n  c u r v e s  f o r  s u r f a c e  
s o i l s  o f  s e l e c t e d  s o i l  o r d e r s  o f  t h e  i s l a n d  o f  
Maui  .
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Tab le  7 .  Average l ime requ irements , b u f f e r in g  c a p a c it ie s ,  and 
exchangeab le aluminum of surface s o i l s  be lo n g in g  to  
the o rders  U l t l s o l ,  Incept I s o l ,  O x is o l ,  and 
M o l l l s o l .
U l t l s o l s  In c e p t is o ls  O x is o ls  M o l l l s o l s
Ca( 0 H) 2  re q u ire d  to^ 
a t t a I n  In d Ic a ted  pH 
(m .eq / 1 0 0  g)
5 .5 5 .0 4.1 •
6 . 0 8 . 6 5 .6 0 . 0 0-.5
6 .5 15.1 9 .3 3 .2 2 .3
7 .0 25 .0 2 2 . 6 8 . 0 7 .9
B u f fe r in g  capac ity  at 
In d ic a te d  pH In te rv a l 
(meq/ 1 0 0  g)
5 .5  - 6 .0 4.1 1 .5
6 .0  - 6 .5 7 .5 3 .8 2 .3 1 .9
6 .5  - 7 .0 9 .9 13.3 3 .7 5 .6
Exch. Aluminum 
(meq/ 1 0 0  g ) 1.46 0 . 1 0 0 . 0 2 0 . 0 1
96
A l u m i n u m  c o n c e n t r a t i o n  o f  s o i l s  was me a s u r e d  on a l l  
s o i l s  h a v i n g  a pH o f  5 . 5  o r  l e s s .  Means p r e s e n t e d  I n  T a b l e  7 
we r e  c a l c u l a t e d  a s s u m i n g  t h a t  s o i l s  h a v i n g  a pH o f  5 . 6  o r  
a b o v e  c o n t a i n e d  no A l .  U l t l s o l s  had t h e  l a r g e s t  c o n c e n t r a l o n  
o f  A l ,  1 . 4 5  meq/ IOOg o f  s o i l ,  f o l l o w e d  by I n c e p t l s o l s ,  
O x i s o l s ,  a nd  l a s t  M o l l i s o l s .  A l um i n um  p l a y s  a v e r y  I m p o r t a n t  
r o l e  I n  s o i l  a c i d i t y ,  and  i n  m ost p a r t s  o f  t h e  h u m i d  t r o p i c s  
l i m e  I s  a p p l i e d  t o  r e d u c e  Al t o x i c l t l e s  t o  p l a n t s .  Above  pH
5 . 5  Al  s a t u r a t i o n  I s  r e d u c e d  t o  a p o i n t  whe r e  i t  f s  no l o n g e r  
h a r m f u l  t o  p l a n t s ,  and  t h e r e f o r e ,  l i m i n g  t o  pH 5 . 5  I s  u s u a l l y  
s u f f i c i e n t  and  e c o n o m i c a l  f o r  t r o p i c a l  s o i l s  ( K a m p r a t h ,
1 9 7 0 ) .  L i me  r e q u i r e m e n t s  and b u f f e r i n g  c a p a c i t i e s  o f  s u b s o i l  
m a t e r i a l s  w e r e  g e n e r a l l y  s m a l l e r  t h a n  t h o s e  o f  s u r f a c e  
m a t e r i a l s .  A l s o ,  t h e  same t e n d e n c i e s  o b s e r v e d  I n  s u r f a c e  
s o i l s  o f  t h e  d i f f e r e n t  s o i l  O r d e r s  we r e  o b s e r v e d  f o r  
s u b s o 1 1  s .
S i l i c o n  I n  S a t u r a t i o n  E x t r a c t s
Fo r  s u r f a c e  s o i l s  s i l i c o n  I n s a t u r a t i o n  e x t r a c t s  r a n g e d  
f r om  1 . 8  t o  2 1 . 6  ug/ml  and t h e  ( a v e r a g e  was 9 . 1  u g / m l )  ( T a b l e  
3 ) .  Fo r  s u b s u r f a c e  s o i l  m a t e r i a l s  t h e  a v e r a g e  s i l i c o n  
c o n c e n t r a t i o n  I n  s a t u r a t i o n  e x t r a c t s  was 5 . 5  ug/ml  and t h e  
r a n g e  was  0 . 5 7  t o  1 5 . 2  ug/ml  ( T a b l e  4 ) .
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Mean v a l u e s  o f  s i l i c o n  c o n c e n t r a t i o n  I n  s a t u r a t i o n  
e x t r a c t s  o f  s o i l s  b e l o n g i n g  t o  d i f f e r e n t  s o i l  o r d e r s  a r e  
p r e s e n t e d  I n  T a b l e s  5 and 6 .  U l t l s o l s  c o n t a i n e d  t h e  l o w e s t  
am o u n ts  o f  SI  I n  s a t u r a t i o n  e x t r a c t s  and  I t s  mean (mean  4 . 6  
u g / m l )  was s i g n i f i c a n t l y  d i f f e r e n t  f r om  t h e  means  o f  o t h e r  
s o i l  o r d e r s .  H I s t o s o l s  w e r e  h i g h e s t  I n  SI c o n c e n t r a t i o n  
(mean  = 1 3 . 1  u g / m l )  f o l l o w e d  by M o l l l s o l s ,  O x i s o l s ,  and  
I n c e p t l s o l s .  The r a n k i n g  was r e v e r s e d  when t h e y  we r e
I
a r r a n g e d  a c c o r d i n g  t o  m e d i a n  a n n u a l  r a i n f a l l .  O n l y  t h e  o r d e r  
H I s t o s o l s  was o u t  o f  s e q u e n c e ,  ( T a b l e  3 ) .  The a v e V a ge  v a l u e  
o f  m e d i a n  a n n u a l  r a i n f a l l  f o r  U l t l s o l s  was 1696 mm, w h i c h  was 
s i g n i f i c a n t l y  d i f f e r e n t  f r o m  o t h e r  s o l i  o r d e r s .  U l t l s o l s  had 
t h e  l o w e s t  s i l i c o n  c o n t e n t s  b e c a u se  h i g h  r a i n f a l l  h a s t e n s  
d e s l l i c a t l o n  and  when a c c o m p a n i e d  by l e a c h i n g .  I t  r e s u l t s  I n  
t h e  r e m o v a l  o f  s i l i c o n .  M o l l l s o l s  and  O x i s o l s  we r e  
a s s o c i a t e d  w i t h  l e a s t  r a i n f a l l  and  we r e  h i g h e s t  and  s e c o n d  
h i g h e s t  I n  s i l i c o n  c o n t e n t s  when c o m p a r i n g  t h e  m i n e r a l  s o i l s .  
T h e s e  r e s u l t s  p r o v i d e  f u r t h e r  e v i d e n c e  t h a t  s i l i c o n  
c o n c e n t r a t i o n  I n  s a t u r a t i o n  e x t r a c t s  r e f l e c t  t h e  d e g r e e  o f  
w e a t h e r i n g  t o  w h i c h  m i n e r a l  s o i l s  h a v e  been  e x p o s e d .  I n 
f a c t ,  t h e  c o r r e l a t i o n  c o e f f i c i e n t  f o r  t h e s e  two  p r o p e r t i e s  I s  
- 0 . 5 5  and  h i g h l y  s i g n i f i c a n t  ( T a b l e  8 ) .  A r a n k i n g  o f  t h e  
s o l i  o r d e r s  a c c o r d i n g  t o  t h e  d e g r e e  o f  w e a t h e r i n g  as 
r e f l e c t e d  by t h e i r  s i l i c o n  s o l u b i l i t y  and  r a i n f a l l  can be 
g i v e n  as f o l l o w s ;  U l t l s o l s  > I n c e p t l s o l s  > O x i s o l s  >
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Mo I I I s o l s .
The r e l a t i o n s h i p  b e t ween  m e d i a n  a n n u a l  r a i n f a l l  and
s i l i c o n  I n  s a t u r a t i o n  e x t r a c t s  o f  s u r f a c e  s o i l s  I s  shown I n
F i g u r e  9 .  V a l u e s  f o r  t h e  s e v e n t y  s i t e s  we r e  p l o t t e d .  The
s o i l s  o r d e r s  a r e  d e s i g n a t e d  by t h e  f i r s t  l e t t e r  o f  t h e i r
n ames .  The h i g h e s t  c o n t e n t s  o f  s i l i c o n  we r e  g e n e r a l l y
a s s o c i a t e d  w i t h  l o w e s t  r a i n f a l l .  H i g h  r a i n f a l l  l e d  t o  l ow
• \
s i l i c o n  c o n c e n t r a t i o n s  r e g a r d l e s s  o f  t h e  s o i l  o r d e r .
E x c e p t  f o r  f ew c a s e s  t h e  c o n t e n t s  o f  s i l i c o n  I n  
s a t u r a t i o n  e x t r a c t s  o f  s u r f a c e  s o i l s  we r e  a l w a y s  h i g h e r  t h a n  
I n  c o r r e s p o n d i n g  s u b s o i l  s a m p l e s .  T h i s  I s  p r o b a b l y  due t o  SI 
c y c l i n g  by p l a n t s  so t h a t  t h e  s u r f a c e  s o i l  I s  e n r i c h e d  a t  t h e  
e x p e n s e  o f  t h e  s u b s u r f a c e  h o r i z o n s ,  and  t h i s  I n  t u r n  a c c o u n t s  
I n  p a r t  f o r  t h e  d i f f e r e n c e  I n  P s o r p t i o n  c a p a c i t y  b e tween  
s u r f a c e  and  s u b s u r f a c e  s o i l s  a s  w i l l  be seen  l a t e r  ( F o x ,  
1 9 8 2 ) .  Mean v a l u e s  o f  SI  c o n t e n t  o f  s u b s u r f a c e  s o i l s  o f  t h e  
d i f f e r e n t  s o i l  o r d e r s  a r e  p r e s e n t e d  I n  T a b l e  6 .  The same 
r e l a t i o n s h i p  b e t ween  m e d i a n  a n n u a l  r a i n f a l l  and s i l i c o n  
c o n t e n t  o b s e r v e d  I n  s u r f a c e  s o i l s  I s  o b s e r v e d  f o r  s u b s u r f a c e  
m a t e r i a l s .  A l t h o u g h  t h e  c o r r e l a t i o n  c o e f f i c i e n t  f o r  t h i s  
r e l a t i o n s h i p  I s  l o w ,  - 0 . 3 5 ,  I t  I s  h i g h l y  s i g n i f i c a n t  ( T a b l e  
9 ) .  H o w e v e r ,  mean v a l u e s  f o r  t h e  d i f f e r e n t  s o i l  o r d e r s  a r e  
no t  s t a t i s t i c a l l y  d i f f e r e n t  f r om one  a n o t h e r .
The  r e l a t i o n s h i p  b e tween  s o i l  pH and s i l i c o n  s o l u b i l i t y  
was l ow b u t  s i g n i f i c a n t ,  r  = 0 . 5 9 ,  ( T a b l e  8 ) .  T h i s
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T ab le  8 .  C o r r e la t io n  m a t r ix  f o r  chemical p ro p e r t ie s  o f s u r fa c e
s o i l  samp les .
So il Chemical pH SI Ra l n f a l I
pH 0.59**
Ca 0.58** 0.41**
Mg 0 . 6 8 ** 0.58**
K 0.49** 0.50**
Na 0.36** 0.44**
SI 0 .59**
P In  sa tu ra t io n  
e x trac ts 0.43** 0.41**
P sorbed a t 
0 . 0 2  ppm -0.48** -0.64**
P sorbed a t ,  
0 . 2  ppm -0.30* -0.62**
P b u f fe r in g  
capac ity -0.07 -0.39**
01 sen P 0 .0 9 0 .27*
Bray No. 1 P 0.16 0.36**
Al -0.76** -0.35**
Su l f u r -0.69** -0.32**
S sorbed at 
5 ppm -0.3* -0 . 6 **
-0.57**
0 .31*
-0.50**
-0.49**
-0.27*
-0.55**
-0.28*
0.50**
0.41**
0.2
0 .27*
-0 .15
0 .51**
0.36**
0.32**
* = s i g n i f i c a n t  at  the 5$ level
** = s i g n i f i c a n t  a t  the \% leve l
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F i g u r e  9 .  S i l i c o n  I n  s a t u r a t i o n  e x t r a c t s  o f  s u r f a c e  s o i l s  I n 
r e l a t i o n  t o  me d i a n  a n n u a l  r a i n f a l l .
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So il Chemical pH SI Ra i n f a l l
 C o rre la t io n  c o e f f ic ie n t ___________________
T ab le  9 .  C o r r e la t io n  m a t r ix  f o r  chemical p ro p e r t ie s  o f  subsurface
s o i l  samp les .
pH 0 .25*  -0.68**
Ca 0 .66** 0 .41** -0.39**
Mg 0.60** 0 .30* -0.41**
K 0 .36** 0 .16  ’ -0.31*
Na 0 .56** 0 .31* -0.44**
Si 0 .25*  -0.35**
P In  s a tu ra t io n
ex t rac ts  0 .29*  0 .29* -0 .12
P sorbed a t
0 .02  ppm -0 .22 -0.56** 0 .23
P sorbed a t
0 .2  ppm -0 .09  -0.48** 0 .1 8
P b u f fe r in g
capac ity  -0.01 -0.40** 0 .14
Olsen P -0 .07 0 .48** 0 .10
Bray No. 1 P 0 .16  0.40** 0 .07
Al -0.79** -0.16 0 .54**
Su l f u r  -0.68** -0 .08  0.48**
S sorbed a t
5 ppm -0 .3*  -0.58** 0.21
* = s i g n i f i c a n t  a t  the 5? leve l
** = s i g n i f i c a n t  a t  the 1$ leve l
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r e l a t i o n s h i p  I s  p r o b a b l y  a r e s u l t  o r  r e f l e c t i o n  o f  t h e  d e g re e  
o f  w e a t h e r i n g  t o  w h i c h  t h e  s o i l s  h a ve  been  e x p o s e d .  The 
c o e f f i c i e n t  o f  c o r r e l a t i o n  be tw een  s o i l  pH and r a i n f a l l  I s  
- 0 . 5 7  ( T a b i e  8 ) .
P h o s p h o r u s  D e t e r m i n a t i o n s
•  V
The p h o s p h o r u s  s t a t u s  o f  s o i l s  was s t u d i e d  I n  s e v e r a l  
w a y s .  F i r s t  t h e  am oun t o f  P I n  s a t u r a t i o n  e x t r a c t s  was 
m e a s u r e d .  T h i s  m easu rem en t  can I n d i c a t e  t h e  I n t e n s i t y  o f  P 
n u t r i t i o n  t o  p l a n t s .  I t  e s t i m a t e s  t h e  c o n c e n t r a t i o n  o f  P I n  
t h e  s o l u t i o n  f r om  w h i c h  p l a n t s  e x t r a c t  P.  The second  
a p p r o a c h  t a k e n  was t o  me a s u r e  e x t r a c t a b l e  P.  Two me t hods  
we r e  u s e d :  O l s e n  ( O l s e n  e t  a l . ,  1 95 4 )  and  B r a y  No .  I ( B r a y  
and K u r t z ,  1 9 4 5 ) .  T hese  two  m e thods  a r e  now w i d e l y  used  f o r  
r e l a t i n g  p l a n t  g r o w t h  t o  t h e  P s t a t u s  o f  s o i l s .  The t h i r d  
a p p r o a c h  u s e d ,  was t h e  c o n s t r u c t i o n  o f  P a d s o r p t i o n  I s o t h e r m s  
as d e s c r i b e d  by Fox and Kamp r a t h  ( 1 9 7 0 ) .  From t h e s e  c u r v e s  P 
s o r b e d  a t  s t a n d a r d  c o n c e n t r a t i o n s  we r e  r e a d  and  r e c o r d e d ,  
a l o n g  w i t h  t h e  b u f f e r i n g  c a p a c i t y  o f  t h e  s o i l s  w i t h  r e s p e c t  
t o  P.
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P h o s p h o r u s  I n  s a t u r a t i o n  e x t r a c t s
The c o n c e n t r a t i o n  o f  P I n s a t u r a t i o n  e x t r a c t s  r a n g e d
f r om  as l ow as 0 . 0 0 1  t o  0 . 1 9 5  ug/ml  I n s u r f a c e  s o i l s ,  and
f r o m  0 . 0 0 1  t o  0 . 1 6 3  ug/ml  I n s u b s u r f a c e  s o i l  m a t e r i a l s
( T a b l e s  3 and 4 ) .  I n  t h e  s u r f a c e  s o l i ,  on t h e  a v e r a g e ,
U l t l s o l s  had t h e  l o w e s t  c o n c e n t r a t i o n  o f  P I n  s o l u t i o n ,  0 , 0 1 6
«
ug/ml  ( T a b l e  5 ) .  T h i s  l ow c o n c e n t r a t i o n  o f  P I n  s o l u t i o n  I s  
no t  s u f f i c i e n t  t o  a t t a i n  95 p e r c e n t  o f  max imum y I e'l d f o r  m ost 
a g r o n o m i c  c r o p s .  Fo r  e x a m p l e ,  Memon ( 1 9 8 2 )  f o u n d  t h a t  whea t  
r e q u i r e s  0 . 0 2 5  ug P/ml  and m a i z e  r e q u i r e s  0 . 0 1 8  ug P/ml  t o  
a t t a i n  95 p e r c e n t  o f  max imum y i e l d .  M o l l l s o l s  h a d ,  on t h e  
a v e r a g e ,  t h e  h i g h e s t  c o n c e n t r a t i o n  o f  P I n  s o l u t i o n ,  0 . 0 7 5  
ug/ml  ( T a b l e  5 ) .  T h i s  c o n c e n t r a t i o n  o f  P I n  s o l u t i o n  may be 
a d e q u a t e  f o r  some a g r o n o m i c  c r o p s ,  h oweve r  I t  I s  n o t  a d e q u a t e  
t o  s u s t a i n  t h e  g r o w t h  o f  v e g e t a b l e s  w h i c h  g e n e r a l l y  r e q u i r e  
b e tween  0 . 2  and 0 . 3  ug P/ml  ( N l s h l m o t o  e t  a l . ,  1 9 7 5 ) .  The 
means o f  P I n  s o l u t i o n  f o r  U l t l s o l s  and M o l l l s o l s  we r e  
s i g n i f i c a n t l y  d i f f e r e n t  f r om  each o t h e r ,  h oweve r  t h e y  we r e  
n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r om t h e  means o f  O x i s o l s ,  
I n c e p t l s o l s ,  and H I s t o s o l s  w h i c h  f e l l  I n  be tween  t h o s e  o f  
U l t l s o l s  and  M o l l l s o l s .  The a v e r a g e  v a l u e s  o f  P I n  s o l u t i o n  
f o r  t h e  d i f f e r e n t  s o i l  o r d e r s  I n d i c a t e  t h a t  m ost o f  t h e s e  
s o i l s  a r e  d e f i c i e n t  I n  P f o r  t h e  o p t i mum g r o w t h  o f  most 
a g r o n o m i c  c r o p s .  T h i s  I s  e s p e c i a l l y  t r u e  f o r  t h e  U l t l s o l s
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w h i c h  d e v e l o p e d  u n d e r  th e  w e t t e s t  c o n d i t i o n s  o f  any o f  t h e  
s o i l  o r d e r s  I n  t h i s  s t u d y .  O x l s o l s ,  M o l l l s o l s ,  I n c e p t l s o l s ,  
and  H I s t o s o l s  r e p r e s e n t e d  by t h e s e  s a mp l e s  p r o b a b l y  ha ve  
a d e q u a t e  P f o r  t h e  g r o w t h  o f  some c e r e a l s  I f  com pa red  t o  t h e  
P r e q u i r e m e n t s  r e p o r t e d  by Memon ( 1 9 8 2 ) .  Howeve r ,  a d d i t i o n a l  
P w o u l d  be r e q u i r e d  f o r  c ro p s  such as p o t a t o ,  and  s o y b e a n
» s
w h i c h  r e q u i r e  h i g h e r  c o n c e n t r a t i o n s  o f  P I n  s o l u t i o n .
The c o n c e n t r a t i o n  o f  P I n s o l u t i o n  I s  r e l a t e d  t o  b o th  pH 
and s i l i c o n  s o l u b i l i t y .  I n  bo th  c a se s  I t  seems t h a t  t h e  
r e l a t i o n s h i p  I s  g o v e r n e d  by t h e  d e g re e  o f  w e a t h e r i n g  t o  wh i c h  
s o i l s  h a v e  been e x p o s e d .  As has  been p o i n t e d  o u t  b e f o r e ,  
d e s l l l c a t l o n  I s  t h e  r emov a l  o f  SI and a d o m i n a n t  s o i l  f o r m i n g  
p r o c e s s  I n  H a w a i i .  I t  I s  a s s o c i a t e d  w i t h  l ow pH,  h i g h  P 
s o r p t i o n ,  and  l ow P s o l u b i l i t y  b e c au se  o f  t h e  a c c u m u l a t i o n  o f  
A l ,  F e ,  and TI  o x i d e s  w h i c h  f o rm  v e r y  I n s o l u b l e  P c o m p l e x e s .  
S i l i c o n  I n  s a t u r a t i o n  e x t r a c t s  and pH a r e  p o s i t i v e l y  
c o r r e l a t e d  w i t h  P I n  s a t u r a t i o n  e x t r a c t s  ( T a b l e  8 ) .  I t  I s ,  
t h e r e f o r e ,  no s u r p r i s e  t h a t  t h e  l o w e s t  c o n c e n t r a t i o n s  o f  P I n  
s o l u t i o n  we r e  f o u n d  on U l t l s o l s  wh i c h  a l s o  ha ve  t h e  l o w e s t  
a v e r a g e  s o l u b l e  s i l i c o n  c o n t e n t  and l o w e s t  pH.  At  t h e  o t h e r  
e x t r e m e  a r e  M o l l l s o l s ;  w i t h  t h e  h i g h e s t  a v e r a g e  pH,  se cond  
h i g h e s t  s i l i c o n  c o n c e n t r a t i o n  and h i g h e s t  P c o n c e n t r a t i o n  I n 
t h e  so l  I s o l u t I  o n .
C o n c e n t r a t i o n s  o f  P i n  s a t u r a t i o n  e x t r a c t s  f r om 
s u b s u r f a c e  s o i l s  we r e  a l m o s t  I n v a r i a b l y  l o we r  t h a n  f r om
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c o r r e s p o n d i n g  s u r f a c e  m a t e r i a l s .  A c o m p a r i s o n  o f  means o f  P 
I n  s o l u t i o n  f r om  s u r f a c e  and s u b s u r f a c e  s o i l  m a t e r i a l s  o f  
d i f f e r e n t  s o l i  o r d e r s  ( T a b l e s  5 and 6 ) ,  shows t h a t  mean 
v a l u e s  f o r  s u b s u r f a c e  m a t e r i a l s  a r e  a l w a y s  l o we r  t h a n  means 
f o r  c o r r e s p o n d i n g  s u r f a c e  s o i l s .  The same t r e n d s  o f  P 
c o n c e n t r a t i o n  among t h e  s o i l  o r d e r s  f o u n d  I n  s u r f a c e  s o i l s
r  V
we r e  f o u n d  I n  s u b s o i l s ;  P c o n c e n t r a t i o n  I n  s o i l  s o l u t i o n s
we r e  g r e a t e s t  f o r  M o l l l s o l s  and  l o w e s t  f o r  U l t l s o l s .
H o we v e r ,  mean v a l u e s  f o r  a l l  s o i l  o r d e r s  we r e  no t  
s i g n i f i c a n t l y  d i f f e r e n t  f r om  one  a n o t h e r .  A l s o ,  t h e
r e l a t i o n s h i p s  be tw een  P I n  s o l u t i o n  and  SI  s o l u b i l i t y  o r  pH
we r e  s i g n i f i c a n t  b u t  o n l y  a t  t h e  5$ l e v e l  ( T a b l e  9 ) .
S u b s u r f a c e  s o i l s  c o n t a l n e s  I n s u f f i c i e n t  P t o  m ee t t h e  
r e q u i r e m e n t s  o f  m os t  a g r o n o m i c  and  v e g e t a b l e  c r o p s .  The P 
r e q u i r e m e n t s ,  as w e l l  as t h e i r  P s o r p t i o n  a r e  h i g h  as w i l l  be 
seen  l a t e r .
P h o s p h o r u s  A d s o r p t i o n
T y p i c a l  p h o s p h a t e  a d s o r p t i o n  c u r v e s  o f  s u r f a c e  s o i l s  o f  
t h e  d i f f e r e n t  s o i l  o r d e r s  r e p r e s e n t e d  I n  t h i s  s t u d y  a r e  
p r e s e n t e d  I n  F i g u r e  1 0 .  C l e a r l y  t h e r e  a r e  d i f f e r e n c e s  among 
th e  s o i l  o r d e r s .  G e n e r a l l y ,  U l t l s o l s  and I n c e p t l s o l s  h ave  
t h e  s t e e p e s t  c u r v e s  I n d i c a t i n g  g r e a t e r  P s o r p t i o n  c a p a c i t i e s .  
Cu r v e s  o f  M o l l l s o l s  and  O x i s o l s  a r e  r e l a t i v e l y  f l a t .  T y p i c a l
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Phosphate Adsorption Curves
P in Solution (ug/ml)
F i g u r e  1 0 . T y p i c a l  p h o s p h a t e  a d s o r p t i o n  c u r v e s  f o r  s u r f a c e  
s o i l s  o f  s e l e c t e d  s o i l  o r d e r s  o f  t h e  I s l a n d  o f  
Mau I .
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s o r p t i o n  c u r v e s  o f  M o l l i s o l s  we re  d i s p l a c e d  f a r  t o  t h e  r i g h t  
I n d i c a t i n g  h i g h e r  c o n c e n t r a t i o n s  o f  P I n  t h e s e  s o i l s .
P h o s p h o r u s  s o r b e d  a t  0 . 0 2  ug/ml  r a n g e d  f r om  -300  t o  385 
u g /g  In  s u r f a c e  s o i l s ,  a nd  f r o m  -175 t o  1080  ug /g  In  s u b s o i l s  
( T a b l e s  3 and 4 ) .  The amount  o f  P s o r b e d  a t  0 . 2  ug/ml  r a n g e d  
f r o m  58 t o  1765 ug / g  I n  s u r f a c e  s o i l s  a nd  f r om  25 t o  3760  
ug/g  I n  s u b s o i l s  ( T a b l e s  3 and 4 ) .
Means o f  P s o r b e d  a t  0 . 0 2  and 0 . 2  ug/ml  by s u r f a c e  s o i l s  
r e p r e s e n t i n g  t h e  d i f f e r e n t  s o i l  o r d e r s  a r e  p r e s e n t e d  I n  T a b l e
5 .  T a b l e  6 shows t h e  same d a t a  f o r  s u b s u r f a c e  s a m p l e s .  
H i g h e s t  amoun t s  o f  P s o r b e d  a t  s t a n d a r d  c o n c e n t r a t i o n s  
o c c u r r e d  I n  t h e  U t l s o l s ,  w i t h  mean v a l u e s  o f  234 and 712  ug/g  
a t  0 . 0 2  and 0 . 2  ug/ml  r e s p e c t i v e l y .  P r e q u i r e m e n t s  o f  
I n c e p t l s o l s  we re  t h e  second  h i g h e s t  f o l l o w e d  by O x i s o l s ,  
M o l l i s o l s ,  and H I s t o s o l s .  The means o f  P s o r p t i o n  o f  s o i l s  
b e l o n g i n g  t o  M o l l i s o l s  and  O x i s o l s  we re  n o t  s i g n i f i c a n t l y  
d i f f e r e n t ,  b u t  we re  s i g n i f i c a n t l y  d i f f e r e n t  f r om  t h o s e  o f  
U l t l s o l s  and  I n c e p t l s o l s .  At 0 . 0 2  and 0 . 2  ug/ml  t h e  l o w e s t  P 
s o r p t i o n  was a s s o c i a t e d  w i t h  s o i l s  o f  t h e  o r d e r s  H I s t o s o l s  
and  M o l l i s o l s  r e s p e c t i v e l y .  In t h e  s c a l e  s u g g e s t e d  by Juo 
and  Fox ( 1 9 7 7 ) ,  I n c e p t l s o l s  and U l t l s o l s  r a n k  h i g h  I n  P 
s o r p t i o n  c a p a c i t y ,  and M o l l i s o l s ,  O x i s o l s  and H I s t o s o l s  r a n k  
medI  urn.
The mean P s o r p t i o n  I n  t h e  I n t e r v a l  0 . 1 5  t o  0 . 2 5  ppm was 
h i g h e r  f o r  I n c e p t l s o l s  t h a n  t h e  r e s t  o f  t h e  s o i l  o r d e r s  bu t
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was n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r om  t h a t  o f  U l t l s o l s  and 
H l s t o s o l s .  The l o w e s t  mean s l o p e  o f  P a d s o r p t i o n  c u r v e  was 
a s s o c i a t e d  w i t h  M o l l l s o l s  f o l l o w e d  c l o s e l y  by O x i s o l s .  The 
s l o p e  o f  t h e  a d s o r p t i o n  c u r v e  I s  a mea s u re  o f  t h e  P b u f f e r i n g  
c a p a c i t y  o f  s o i l s ,  and I s  f r e q u e n t l y  m eas u r ed  I n  t h e  I n t e r v a l
m e n t i o n e d  a b o v e  b e c a u s e  t h a t  r a n g e  o f  P c o n c e n t r a t i o n  I n  s o l i
\
s o l u t i o n  I s  s u i t a b l e  f o r  many a g r o n o m i c  c r o p s .  The r e s u l t s  
I n d i c a t e  t h a t  I n c e p t l s o l s  a r e  t h e  most  b u f f e r e d  s o i l s ,  
f o l l o w e d  by U l t l s o l s ,  H l s t o s o l s ,  O x i s o l s ,  and M o l l l s o l s .
H i g h l y  s i g n i f i c a n t  c o r r e l a t i o n s  be tween  P s o r b e d  a t  
s t a n d a r d  c o n c e n t r a t i o n s  and  SI  s o l u b i l i t y ,  pH and r a i n f a l l  
w e r e  o b s e r v e d  ( T a b l e  8 ) .  To h e l p  v i s u a l i z e  t h e s e  
r e l a t i o n s h i p s  T a b l e  10 has  been p r e p a r e d  f r om  T a b l e  5 .  At 
bo th  s t a n d a r d  c o n c e n t r a t i o n s  t h e  r e l a t i o n s h i p  be tween  SI 
s o l u b i l i t y  and P s o r p t i o n  I s  h i g h l y  s i g n i f i c a n t ;  t h e  l o w e r  
t h e  c o n c e n t r a t i o n  o f  SI I n  s a t u r a t i o n  e x t r a c t s  t h e  l a r g e r  t h e  
P s o r p t i o n .  T h u s ,  U l t l s o l s ,  w h i c h  ha v e  t h e  l o w e s t  
c o n c e n t r a t i o n  o f  s i l i c o n  I n  s a t u r a t i o n  e x t r a c t s ,  h ave  t h e  
h i g h e s t  P s o r p t i o n  c a p a c i t y .  On t h e  o t h e r  h a n d ,  M o l l l s o l s  
w h i c h  have  h i g h e s t  c o n c e n t r a t i o n  o f  s i l i c o n  In  s a t u r a t i o n  
e x t r a c t s ,  h a v e  t h e  l o w e s t  P s o r p t i o n .  T h i s  a p p a r e n t  
r e l a t i o n s h i p  be tween  P s o r p t i o n  and s i l i c o n  s o l u b i l i t y  was 
r e p o r t e d  by Fox ( 1 9 8 2 ) ,  s u b s t a n t i a t i n g  p r e v i o u s  wo r k  by t h e  
same a u t h o r  ( F o x ,  1 9 7 4 ;  Fox e t  a l . ,  1 9 7 1 ) .  T h i s  r e l a t i o n s h i p  
p r o b a b l y  r e s u l t s  f r om  t h e  a c c u m u l a t i o n  o f  A l ,  Fe ,  and TI
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Table 10.  Means of  phosphate sorpt i on  cha r ac t e r i s t i c s  of  sur face
s o i l s  grouped by so i l  order In r e l a t i o n  to so i l  pH, SI In 
s a t u ra t i on  ex t r ac t s ,  and median annual  r a i n f a l l .
Soi l  Chemical 
Property
Sol I Order
I ncep t l s o l s  U I t l s o l s  0x1 so l s  Mol I I s o l s  H I s t oso l s  
__________________________________________ means__________________________________________
P sorbed at  
0 . 02  ppm (ug/g)
P sorbed at  
0 . 2  ppm (ug/g)
P b u f f e r i n g  
capac i ty  (ug/g)
SI In sa tu ra t i on  
ex t rac ts  (ug/ml)
88b
614a
163a
233 a
712a
141 ab
68b ■ -8b -187c
266 b
57b
188b
56b
235b
109ab
9.2b 4.6c 10.3ab 12.5ab 13.1a
Median Annual 
r a i n f a l l  (iran) 849b 1694a 570c 570c 758bc
Means f o l l owed  by the same l e t t e r  are not s i g n i f i c a n t l y  d i f f e r e n t  a t  
the 5? leve l  by the Wal Ier-Duncan K-rat Io  t - t e s t .
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o x i d e s  w h i c h  g r e a t l y  s o r b  P.  The more  d e s l l l c a t e d  t h e  s o i l ,  
t h e  h i g h e r  t h e  a c c u m u l a t i o n  o f  t h e s e  o x i d e s  and t h u s  t h e  
h i g h e r  t h e  number  o f  s o r b i n g  s i t e s .
B e c a u s e  r a i n f a l l  has  a d i r e c t  e f f e c t  on d e s l l i c a t l o n  
w h i c h  I n  t u r n  a f f e c t s  pH,  we w o u l d  e x p e c t  pH t o  be c o r r e l a t e d  
t o  P s o r p t i o n .  H o w e v e r ,  t h e  e f f e c t  o f  pH on P s o r p t i o n
r S
c a p a c i t y  o f  s o i l s  I s  n o t  d i r e c t ;  I t  o c c u r s  as a r e s u l t  o f  t h e  
l o s s  o f  b a s i c  c a t i o n s  and a c c u m u l a t i o n  o f  A l ,  F e ,  and TI  
o x i d e s  as d e s l l i c a t l o n  o c c u r s .  In f a c t .  I f  pH had'  a d i r e c t  
e f f e c t  on P s o r p t i o n  c a p a c i t y  o f  s o i l s  a s i g n i f i c a n t  
r e l a t i o n s h i p  be tween  t h e  two  s h o u l d  be o b s e r v e d  a t  a l l  d ep th  
I n c r e m e n t s ,  b u t  t h e  c o r r e l a t i o n  c o e f f i c i e n t  be tween  t h e s e  two 
p r o p e r t i e s  f o r  s u b s o i l s  I s  n o t  s i g n i f i c a n t  ( T a b l e  9 ) .  On t h e  
o t h e r  h a n d ,  l ow SI s o l u b i l i t y  I s  s i g n i f i c a n t l y  r e l a t e d  t o  
h i g h  P s o r p t i o n  a t  bo t h  de p t h  I n c r e m e n t s .  At t h e  same t i m e ,  
t h e  r e l a t i o n s h i p  be tween  m e d i a n  a n n u a l  r a i n f a l l  and P 
s o r p t i o n  o f  s o i l  m a t e r i a l s  o f  t h e  30 - 45 cm d ep t h  I n c r e m e n t  
I s  n o t  s i g n i f i c a n t .  T h i s  s u g g e s t s  t h a t  r a i n f a l l  I s  n o t  t he  
o n l y  f a c t o r  t h a t  g o v e r n s  d e s l l i c a t l o n  and  s o l u b l l t y  o f  SI I n  
s o i l s .  D e s l l i c a t l o n  may be a f f e c t e d  by t e m p e r a t u r e  and t im e  
a l s o .  T a b l e  9 shows t h a t  o f  t h r e e  f a c t o r s ,  S I ,  r a i n f a l l ,  
and  pH,  o n l y  SI has  a s i g n i f i c a n t  e f f e c t  on P s o r p t i o n  
c a p a c i t y  o f  s u b s o i l s .
P h o s p h o r u s  s o r p t i o n  c a p a c i t y  o f  s u b s u r f a c e  s o i l s  ( T a b l e  
6)  I s  g r e a t e r  t h a n  t h a t  o f  c o r r e s p o n d i n g  s u r f a c e  s o i l
1 1 ]
m a t e r i a l s .  The d i f f e r e n c e  be tween  P s o r p t i o n  by s u r f a c e  and 
s u b s u r f a c e  s o i l s  was h i g h e r  f o r  O x i s o l s  and I n c e p t l s o l s  and 
l o w e s t  f o r  U l t l s o l s .  G e n e r a l l y ,  U l t l s o l s  had t h e  h i g h e s t  P 
s o r p t i o n  c a p a c i t y  a t  0 . 0 2  ug/ml  f o l l o w e d  by I n c e p t l s o l s ,  
O x i s o l s ,  and  M o l l l s o l s .  H o w e v e r ,  mean v a l u e s  f o r  t h e  
d i f f e r e n t  s o i l  o r d e r s  we re  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r om
>  V
one  a n o t h e r .  P h o s p h o r u s  s o r p t i o n  a t  0 . 2  ug/ml  was a l i t t l e
«
d i f f e r e n t :  I n c e p t l s o l s  had t h e  h i g h e s t  mean s o r p t i o n  ,
c a p a c i t y  f o l l o w e d  by U l t l s o l s ,  h oweve r  t h e i r  means we re  not  
s i g n i f i c a n t l y  d i f f e r e n t .  Mean v a l u e s  f o r  O x i s o l s  and 
M o l l l s o l s  w e re  l e s s  t h a n  t h e  mean f o r  I n c e p t l s o l s .
P h o s p h o r u s  s o r p t i o n  by I n c e p t l s o l s  a t  0 . 2  ug/ml  was 
a p p r o x i m a t e l y  two  and a h a l f  t i m e s  l a r g e r  t h a n  t h a t  o f  
O x i s o l s  and  M o l l l s o l s ,  and  a p p r o x i m a t e l y  two  t i m e s  l a r g e r  
t h a n  t h a t  o f  U l t l s o l s .  T h i s  I s  b e c a u s e  o f  h i g h e r  P b u f f e r i n g  
c a p a c i t y  o f  I n c e p t l s o l s  as compa red  t o  t h e  o t h e r  s o i l  o r d e r s .  
L ow e s t  b u f f e r  c a p a c i t y  was a s s o c i a t e d  w i t h  M o l l l s o l s ,  
f o l l o w e d  c l o s e l y  by O x i s o l s .  B u f f e r i n g  c a p a c i t y  o f  
s u b s u r f a c e  m a t e r i a l s  was h i g h e r  t h a n  t h a t  o f  s u r f a c e  
m a t e r i a l s .  Fox ( 1 9 8 2 )  p o i n t e d  o u t  f o u r  f a c t o r s  t h a t  a r e  
p r o b a b l y  r e s p o n s i b l e  f o r  l e s s  P a d s o r p t i o n  by s u r f a c e  s o i l s  
t h a n  by s u b s u r f a c e  s o i l s ;
1 .  A c c u m u l a t i o n  o f  P I n  t h e  s u r f a c e  h o r i z o n s  a t  t h e  
e x p e n s e  o f  s u b s u r f a c e  h o r i z o n s  as a r e s u l t  o f  P 
cy c I  I n g  by pi  a n t s .
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2 .  B l o c k i n g  o f  p h o s p h a t e  a d s o r p t i o n  s i t e s  by o r g a n i c  
a n i o n s  a s s o c i a t e d  w i t h  p l a n t  r e s i d u e  d e c o m p o s i t i o n .
3 .  C y c l i n g  o f  SI by p l a n t s  so t h a t  t h e  s u r f a c e  s o i l  I s  
e n r i c h e d  a t  t h e  e x p e n s e  o f  t h e  s u b s u r f a c e  h o r i z o n s .  
S i l i c a t e s  r e a c t  w i t h  w e a t h e r i n g  p r o d u c t s  w h i c h  w o u l d  
o t h e r w i s e  I m m o b i l i z e  P by p r e c i p i t a t i o n  or  
a d s o r p t i o n .
4 .  P e r i o d i c  d e s s l c a t l o n  o f  t h e  s u r f a c e  l e a d i n g  t o  
r e l a t i v e l y  low r e a c t i v i t y  o f  amo rp hou s  g e l  m a t e r i a l s  
I n  t h e  s u r f a c e  s o l  I .
E x t r a c t a b l e  P h o s p h o r u s
E x t r a c t a b l e  P I n  s u r f a c e  s o i l s  r a n g e d  f r om  as l i t t l e  as
0 . 6 3  t o  as much as  82 ug P/g when u s i n g  NaHCOj as 
e x t r a c t a n t ,  and f r om  0 . 1 3  t o  45 ug P/g when u s i n g  B r a y  and 
K u r t z  No .  1 e x t r a c t a n t  ( T a b l e  3 ) .  S u b s o i l  v a l u e s  we re  
g e n e r a l l y  much l o w e r  t h a n  t h o s e  f o r  s u r f a c e  s o i l  m a t e r i a l s .  
The a v e r a g e  v a l u e  o f  e x t r a c t a b l e  P In  s u r f a c e  s o i l s  u s i n g  
NaHCOj as e x t r a c t a n t  was 18 u g / g ,  and 9 . 6  ug/g  when u s i n g  
t h e  B r ay  and K u r t z  m e t h o d .
The l a r g e s t  amoun t s  o f  P we re  e x t r a c t e d  f r om  M o l l l s o l s .  
Fo r  t h i s  s o i l  o r d e r  N a H C O ^ - e x t r a c t a b I e  P r a n g e d  f r o m  5 . 9  t o  
82 u g/g  t h e  mean v a l u e  was 26 ug/g  ( T a b l e  5 ) .  The h i g h e s t  
v a l u e  was a s s o c i a t e d  w i t h  a pH o f  6 . 4  and an m e d i a n  a n n u a l
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r a i n f a l l  o f  625  mm; t h e  l o w e s t  v a l u e  was a s s o c i a t e d  w i t h  t h e  
h i g h e s t  r a i n f a l l  f o r  any o f  t h e  M o l l i s o l s ,  900 mm, and a pH 
o f  5 . 9  w h i c h  was much b e l ow  t h e  a v e r a g e  f o r  t h i s  s o i l  o r d e r .
A c o m p a r i s o n  o f  e x t r a c t a b l e  P o f  M o l l i s o l s  w i t h  t h e  c r i t i c a l  
l e v e l s  p r e s e n t e d  I n  t a b l e  1 ,  l e a d s  t o  t h e  c o n c l u s i o n  t h a t ,  on 
a v e r a g e ,  M o l l i s o l s  a r e  a d e q u a t e l y  s u p p l i e d  w i t h  e x t r a c t a b l e  P
» I
f o r  p l a n t  g r o w t h .  H oweve r ,  c r i t i c a l  l e v e l s  o f  NaHCO^ 
d e t e r m i n e d  f o r  t e m p e r a t e  zo n e  s o i l s  may n o t  a p p l y  I n  t h e  
t r o p i c s .  Fo r  e x a m p l e .  Fox e t  a l .  ( 1 9 8 2 )  d e t e r m i n e d  t h a t  a 
l e v e l  o f  P I n  s o l u t i o n  s u i t a b l e  f o r  m a i z e  w i l l  be o b t a i n e d  
when NaHCOj e x t r a c t a b l e  P I s  a b o u t  40 ug P/g I n  an 
E u t r u s t o x .  F u r t h e r m o r e ,  more P I s  e x t r a c t e d  w i t h  NaHCO^ 
e x t r a c t a n t  t h a n  w i t h  t h e  a c i d  f l u r l d e  e x t r a c t a n t .  T h i s  o f  
c o u r s e  I s  an e x a m p l e  w e re  I n f o r m a t i o n  b a se d  on s o i l  r e s e a r c h  
done  on t e m p e r a t e  z o n e s  c a n n o t  be used  f o r  t r o p i c a l  s o i l s .  
C o m p a r i n g  t h e  c r i t i c a l  l e v e l  g i v e n  by Fox w i t h  t h e  l e v e l  o f  
NaHCOj e x t r a c t a b l e  P o f  M o l l i s o l s  l e a d s  t o  t h e  c o n c l u s i o n  
t h a t  t h e s e  s o i l s  a r e  d e f i c i e n t  I n  P.
I f  we d i v i d e  M o l l i s o l s  I n t o  I t s  d i f f e r e n t  s o i l  s e r i e s  
r e p r e s e n t e d  I n  t h i s  s t u d y  we f i n d  t h a t  t h e  K am ao l e  s e r i e s  has 
a d e q u a t e  l e v e l s  o f  e x t r a c t a b l e  P;  82 and 24 ug P/g f o r  
NaHCOj and  B r ay  No .  1 me tho ds  r e s p e c t i v e l y  ( T a b l e  1 1 ) .  The 
Ewa and W a l a k o a  s e r i e s  w o u l d  r a n k  as med ium h a v i n g  a v e r a g e s  
o f  26 and 22 u g/g  o f  N a H C O ^ - e x t r a c t a b I e  ( T a b l e  1 1 ) .  On t h e  
o t h e r  h and  t h e  P a l a  and P u l e h u  s e r i e s  w i l l  r a n k  as low In
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t e r m s  o f  b o t h  NaHCOj and  B r ay  No .  1 me th od s  ( T a b l e  1 1 ) .
The mean v a l u e s  o f  e x t r a c t a b l e  P o f  M o l l l s o l s ,  26 and 13 ug/g 
f o r  O l s e n  and  B r ay  No .  1 me th ods  r e s p e c t i v e l y  ( T a b l e  5 ) ,  
w o u l d  make t h i s  o r d e r  t o  r a n k  as med ium In  e x t r a c t a b l e  P.
O x i s o l s  a r e  r e p r e s e n t e d  by two s e r i e s  I n  t h i s  s t u d y ;  
Ke ahua  and  M o l o k a i  s e r i e s .  The a v e r a g e  NaHCO^ e x t r a c t a b l e
• s
P f o r  t h i s  o r d e r  I s  14 u g/g  and  8 . 7  u g /g  f o r  B r ay  No .  1 
( T a b l e  5 ) .  The M o l o k a i  s e r i e s  r a n k s  low I n  e x t r a c t a b l e  P,  
w h e r e a s  t h e  Keahua  s e r i e s  r a n k s  as med ium I n  e x t r a c t a b l e  P.  
Fo r  mean v a l u e s  r e f e r  t o  T a b l e  1 1 .
H I s t o s o l s  r e p r e s e n t e d  by o n l y  one s o i l  s e r i e s ,  K a l m u ,  
r a n k  as med i um In  e x t r a c t a b l e  P,  h a v i n g  a mean v a l u e  o f  20 ug 
P/g u s i n g  t h e  NaHCO^ me thod  and 19 ug P/g when e x t r a c t e d  
w i t h  a c i d  f l u o r i d e  e x t r a c t a n t  ( T a b l e  1 1 ) .
U l t l s o l s  w h i c h  d e v e l o p e d  u nde r  t h e  w e t t e s t  c o n d i t i o n s  o f  
any o f  t h e  s o i l  o r d e r s  r e p r e s e n t e d  I n  t h i s  s t u d y  were  
g e n e r a l l y  l ow I n  e x t r a c t a b l e  P by e i t h e r  m e t h o d .  In s u r f a c e  
s o i l s  t h e  mean v a l u e  f o r  N a H C O ^ - e x t r a c t a n t  P was 12 u g/g  
and 7 ug P/g f o r  B r a y  No .  1 P ( T a b l e  5 ) .  For  s u b s u r f a c e  s o i l  
m a t e r i a l s  t h e  a v e r a g e s  we r e  10 and 5 ug P/g f o r  NaHCO^ and 
a c i d  f l u o r i d e  e x t r a c t a b l e  P r e s p e c t i v e l y  ( T a b l e  6 ) .  Mean 
v a l u e s  o f  NaHCO^ and a c i d  f l u o r i d e  e x t r a c t a b l e  P f o r  s o i l s  
o f  t h e  Makawao s e r i e s  w e re  23 and 17 ug P/g r e s p e c t i v e l y .  
T h u s ,  t h e y  r a n k  as med ium I n  t e rm s  o f  e x t r a c t a b l e  P.  The 
H a i k u  and  Pa uwe l a  s e r i e s  u s u a l l y  r a n k e d  low I n  e x t r a c t a b l e  P,
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T ab le  1 1 . Means o f e x t r a c ta b le  phosphorus o f s u rfac e  s o i ls
p a r t it io n e d  by s o i l  s e r ie s
Soi l  Ser ies Olsen P Bray No. 1 P
Pul ehu 9 .6 6 . 6
Walakoa 22 . 4 12 . 0 .
Ewa 25 .6 17.4 •
Kanaol e 82.5 23.6
Pa la 11 .6 6 . 6
Keahua 17.4 8 . 8
Molokai 9 . 7 6 . 6
Kalmu 19.6 19.1
Makawao 23 .4 17.1
Haiku 9 . 3 4 . 0
Pauwel a 0 . 6 3 .7
lo 33.1 13.4
Kui a 16.7 8 .2
Pane 14.7 5 .7
H a l I l m a l l e 24 .8 9 . 9
Laumala 11 .3 17.2
Ka l po lo l 1 .4 0 . 3
Uma 12.0 11 .5
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e s p e c i a l l y  t h e  P a u w e l a  s e r i e s  whose a v e r a g e s  f o r  NaHCO^ and 
a c i d  f l u o r i d e  e x t r a c t a b l e  we re  0 . 6  and 3 . 7  ug P/g f o r  s u r f a c e  
s o l i  and s u b s u r f a c e  s o i l  r e s p e c t i v e l y  ( T a b l e  1 1 ) .
The o r d e r  I n c e p t l s o l  was r e p r e s e n t e d  by seven  s o i l  
s e r i e s .  The l o ,  K u l a ,  P an e ,  and H a l l l m a l l e  s e r i e s  r a n k e d  
med i um I n  t e r m s  o f  N a H C O j - e x t r a c t a b I e  P,  w h e r e a s  t h e
» s
L a u m a l a ,  K a l p o l o l ,  and Lima s e r i e s  r a n k  low ( T a b l e  1 1 ) .  Mean 
v a l u e s  o f  e x t r a c t a b l e  P f o r  s u r f a c e  s o i l s  b e l o n g i n g  t o  t h e  
o r d e r  I n c e p t l s o l s  a r e  p r e s e n t e d  I n  T a b l e  5 .  In t h e  case  o f  
NaHCOj e x t r a c t a b l e  P t h e  mean v a l u e  I s  20 ug P / g ,  and  when 
t h e  e x t r a c t i o n  was made a c c o r d i n g  t o  t h e  B r ay  p r o c e d u r e  t h e  
mean v a l u e  was 10 u g / g .  Fo r  t h e  s u b s o i l ,  mean v a l u e s  we r e  13 
and 3 . 2  ug P/g f o r  O l s e n  and B r ay  No .  1 P r e s p e c t i v e l y .
T a b l e s  5 and 6 compa re  t h e  mean v a l u e s  o f  e x t r a c t a b l e  P 
o f  t h e  d i f f e r e n t  s o i l  o r d e r s  o f  s u r f a c e  and s u b s u r f a c e  s o i l s .  
Mean v a l u e s  we re  no t  s i g n i f i c a n t l y  d i f f e r e n t .  The se  r e s u l t s  
Im p l y  t h a t  S o i l  Taxonomy was no t  a b l e  t o  d i s t i n g u i s h  t h e  
d i f f e r e n t  s o i l  o r d e r s  based  on e x t r a c t a b l e  p h o s p h o r u s .  Fox 
( 1 9 8 2 )  r e p o r t e d  a s i m i l a r  r e s u l t ;  I n  t h a t  c ase  no d i s t i n c t i o n  
was made by S o i l  Taxonomy when P s o r p t i o n  c a p a c i t y  o f  O x i s o l s  
and U l t l s o l s  o f  P u e r t o  R i c o  was c o m p a r e d .  I m p o r t a n t  s o i l  
p r o p e r t i e s  such  as m i n e r a l o g y  and t e x t u r e ,  w h i c h  g r e a t l y  
I n f l u e n c e  and c o n t r o l  o t h e r  s o i l  p r o p e r t i e s  such  as p h o s p h a t e  
and s u l f a t e  s o r p t i o n ,  P s o l u b i l i t y  and  P e x t r a c t a b I  I I t y ,  a r e  
no t  I n t r o d u c e d  I n  S o i l  Taxonomy u n t i l  t h e  f a m i l y  l e v e l .  I t
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I s  no s u r p r i s e  t h a t  d i f f e r e n c e s  be tween  s o i l  o r d e r s  a r e  not  
I d e n t i f i e d .  On l y  a t  t h e  m a p p i n g  u n i t  l e v e l  we re  s i g n i f i c a n t  
d i f f e r e n c e s  I n  e x t r a c t a b l e  P among s o i l s  o b s e r v e d  e i t h e r  by 
O l s e n  o r  B r ay  and K u r t z  No .  1 m e t h o d s .  The m a p p i n g  u n i t  
l e v e l  I s  t h e  l o w e s t  c a t e g o r y  I n  s o i l  c l a s s i f i c a t i o n  even  
t h o u g h  I t  I s  no t  p a r t  o f  S o i l  T axo nom y .  The c r i t e r i a  used  t o
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d i v i d e  s o i l  s e r i e s  I n t o  d i f f e r e n t  m a p p i n g  u n i t s  I s  s o i l  
t e x t u r e ,  t h u s  t h i s  s o i l  p r o p e r t y  p l a y s  an I m p o r t a n t  r o l e  I n  
d e t e r m i n i n g  t h e  am oun t s  o f  P e x t r a c t e d  f r om  s o i l s .  I f  we 
t i e  t h e s e  r e s u l t s  t o  t h e  r e s u l t s  o f  p a r t i t i o n i n g  v a r i a t i o n  o f  
s o i l  c h e m i c a l  p r o p e r t i e s  d i s c u s s e d  e a r l i e r  we can see  t h e  
r e l a t i o n  be tween  t h e  r e s u l t s  o b t a i n e d .  O n l y  a t  t h e  m a p p i n g  
u n i t  l e v e l  we re  means s i g n f l c a n t l y  d i f f e r e n t ,  and t h e  l o w e s t  
r e s i d u a l  mean s q u a r e  f o r  e x t r a c t a b l e  P was a s s o c i a t e d  w i t h  
t h e  m a p p i n g  u n i t  l e v e l .  The e x p l a n a t i o n  f o r  t h i s  o b s e r v a t i o n  
seems t o  be t h a t  t e x t u r e  I s  g o v e r n i n g  t h e  amount s  o f  P t h a t  
can  be e x t r a c t e d  f r o m  t h e  s o i l .  T h i s  r e s u l t  I s  f u r t h e r  
e v i d e n c e  o f  t h e  u s e f u l n e s s  o f  a n a l y z i n g  v a r i a n c e  o f  s o i l s  I n  
a h i e r a r c h i c a l  m o d e l .
The r e l a t i o n s h i p  be tween  SI  I n  s a t u r a t i o n  e x t r a c t s  and 
e x t r a c t a b l e  P was p o s i t i v e  and  s i g n i f i c a n t ,  and I n  k e e p i n g  
w i t h  t h a t  g e n e r a l  r e l a t i o n s h i p ,  t h e  r e l a t i o n s h i p  be tween  
e x t r a c t a b l e  P and a n n u a l  m e d i a n  r a i n f a l l  was n e g a t i v e  and 
s i g n i f i c a n t  o n l y  f o r  O l s e n  P.  The o b s e r v a t i o n  t h a t  
N a H C O j - e x t r a c t a b I e  P,  a nd  n o t  a c i d  f l u o r i d e  e x t r a c t a b l e  P
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was s i g n i f i c a n t l y  r e l a t e d  t o  r a i n f a l l  ( w e a t h e r i n g )  I s  
e v i d e n c e  f o r  t h e  s u p e r i o r i t y  o f  t h e  NaHCO^ method f o r  t h e s e  
k i n d  o f  s o i l s .  R easons  f o r  t h i s  I n c l u d e  t h e  h i g h e r  s o l u t i o n  
t o  s o i l  r a t i o  used  w i t h  NaHCO^ me thod  as compa red  t o  t h e  
a c i d  f l u o r i d e  m e t h o d .  F u r t h e r m o r e ,  t h e  s t r e n g t h  o f  t h e  a c i d  
f l u o r i d e  e x t r a c t a n t  I s  r e d u c e d  when e x t r a c t i n g  a c i d  t r o p i c a l
r S
s o i l s  be c a u s e  f l u o r i d e  I o n s  r e a c t  w i t h  non p h o s p h a t e  bound Al 
c o m p l e x e s  I n  t h e  s o i l  l e a v i n g  l i t t l e  f l o u r l d e  t o  r e a c t  w i t h  
A l - p h o s p h a t e  c o m p l e x e s  and  as a c o n s e q u e n c e  l i t t l e  P I s  
r e l e a s e d  f r om  t h e s e  c o m p l e x e s .  A l s o ,  as  t h e  F I o n s  r e a c t  
w i t h  h y d r o x y - A I  c o m p l e x e s ,  h y d r o x y l  I o n s  a r e  r e l e a s e d  and 
t h e y  n e u t r a l i z e  t h e  a c i d ;  t h e s e  s e t  o f  f a c t o r s  o c c u r r i n g  a t  
t h e  same t i m e  r e d u c e  t h e  s t r e n g t h  o f  t h e  a c i d  f l o u r l d e  
e x t r a c t a n t .  The r e l a t l o n s h I p  o f  SI s o l u b i l i t y  and  r a i n f a l l  
w i t h  e x t r a c t a b l e  P a r e  l i k e l y  t o  r e s u l t  f r om  v a r i a b l e  
w e a t h e r i n g  t o  w h i c h  t h e  s o i l s  have  been s u b j e c t e d .  Most  P 
was e x t r a c t e d  f r om  s i l t  l oam s o i l s ,  f o l l o w e d  by s i l t y  c l a y s ,  
l o a m s ,  and  f i n a l l y  c l a y s .
S u l f u r  D e t e r m i n a t i o n s
Two a p p r o a c h e s  we re  used t o  I n v e s t i g a t e  t h e  s u l f u r  
s t a t u s  o f  s o i l s .  F i r s t ,  SO^-S was e x t r a c t e d  w i t h  0 . 4  Jij 
Ca (H 2 P0 4 ) 2 » e s t i m a t e  o f  t h e  q u a n t i t y  o f  a v a i l a b l e  
SO4 -S I n  t h e  s o i l .  The second  a p p r o a c h  used SO^-S
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s o r p t i o n  c u r v e s ,  c o n s t r u c t e d  f o l l o w i n g  t h e  p a t t e r n  used  f o r  P 
s o r p t i o n  I s o t h e r m s ,  t o  e s t i m a t e  SO^-S s o r b e d  a t  5 ppm.
E x t r a c t a b I e  Sul  f u r
E x t r a c t a b l e  SO^-S I n  s u r f a c e  s o i l s  r a n g e d  f r om  34  t o
* I
659 ug S/g ( T a b l e  3 ) .  In s u b s u r f a c e  s a m p l e s  t h e  r a n g e  was 0
t o  688 ug S/g o f  s o i l  ( T a b l e  4 ) .  In most  I n s t a n c e s  more
SO.-S was e x t r a c t e d  f r om  s u b s u r f a c e  s o i l  m a t e r i a l s  t h a n  
4
f r om  c o r r e s p o n d i n g  s u r f a c e  s o i l  m a t e r i a l s .
U l t l s o l s  c o n t a i n e d  t h e  h i g h e s t  amoun t s  o f  e x t r a c t a b l e  S
and I t s  mean v a l u e s ,  2 7 9  and 324 ug SO^-S/g f o r  s u r f a c e  and
s u b s u r f a c e  s o i l s  r e s p e c t i v e l y ,  we re  s i g n i f i c a n t l y  d i f f e r e n t
f r om  t h e  means o f  a l l  o t h e r  s o i l  o r d e r s  ( T a b l e s  5 and 6 ) .
U l t l s o l s  d e v e l o p e d  un d e r  t h e  w e t t e s t  c o n d i t i o n s  I n  t h i s
s t u d y ,  t h u s  I t  I s  no s u r p r i s e  t h a t  t h e y  had t h e  g r e a t e s t
c o n c e n t r a t i o n s  o f  e x t r a c t a b l e  SO,-S b e c a u s e  I t  has  been
r e p o r t e d  t h a t  as much as 1 3 . 6  kg o f  S / h a / y e a r  can be ad de d  t o
t h e  s o i l  by r a i n f a l l  ( F o x  e t  a l . ,  1 9 6 5 ) .  F u r t h e r m o r e ,
U l t l s o l s  s o r b  s u l f a t e  and C a (H . , P O , ) o  e x t r a c t s  s o r b e d
2 4 2
SO^-S ( F o x  e t  a l . ,  1 9 6 4 ) .  Even t h o u g h  f o r  U l t l s o l s  
C a ( H 2 P 0 ^ ) 2 “ e x t r a c t a b I e  SO^-S was h i g h  we c a n n o t  
c o n c l u d e  t h a t  l e v e l s  we r e  a d e q u a t e  f o r  p l a n t  g r o w t h .
R e s p o n s e s  by c r o p s  t o  S f e r t i l i z a t i o n  on s o i l s  h a v i n g  h i g h  
e x t r a c t a b l e  S have  been  r e p o r t e d  I n  s e v e r a l  H a w a i i  c o n d i t i o n s
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( S t a n f o r d  and J o r d a n ,  1 9 6 6 ;  Fox  e t  a l . ,  1 9 6 5 ;  F o x ,  1 9 6 9 ) ,  and 
I n  o t h e r  r e g i o n s  o f  t h e  hu m i d  t r o p i c s  (McC I u ng  e t  a l . ,  1 9 5 9 ) .
H I s t o s o l s  c o n t a i n e d  t h e  second  h i g h e s t  am oun t s  o f  
e x t r a c t a b l e  SO^-S ,  131 ug S/ g ,  and a t  t h e  same t i m e  had t h e
l o w e s t  mean o f  s o r b e d  s u l f a t e  o f  any o f  t h e  s o i l  o r d e r s
( T a b l e  5 ) .  T h e r e f o r e ,  much o r g a n i c  SO^-S was e x t r a c t e d  by
r I
Ca (H 2 P0 4 ) 2 * The mean v a l u e  can be c o n s i d e r e d  as  h i g h  
h o w e v e r ,  we mus t  t a k e  I n t o  a c c o u n t  t h a t  mos t  o f  t h e  
e x t r a c t a b l e  S comes f r om  t h e  o r g a n i c  m a t t e r  and t h a t  t h i s  I s  
no t  d i r e c t l y  a v a i l a b l e  t o  p l a n t s .  I t  I s  known t h a t  
Ca (H 2 P0 4 ) 2  e x t r a c t s  o r g a n i c  S ( R e l s e n a u e r  e t  a l . ,
1 973 )  .
M o l l l s o l s ,  O x i s o l s ,  and  I n c e p t l s o l s  c o n t a i n e d  l o w e r  
amoun t s  o f  e x t r a c t a b l e  s u l f a t e  t h a n  H I s t o s o l s  and  U l t l s o l s .  
T h e i r  mean v a l u e s  we re  no t  s i g n i f i c a n t l y  d i f f e r e n t  f r om  one 
a n o t h e r  and  we re  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r om  t h e  mean 
v a l u e  o f  H I s t o s o l s  ( T a b l e  5 ) .  M o l l l s o l s  c o n t a i n e d  t h e  l o w e s t  
c o n c e n t r a t i o n  o f  e x t r a c t a b l e  s u l f a t e ,  and a t  t h e  same t i m e
s o r b  t h e  l o w e s t  amoun t s  o f  SO , -S .
4
As was t h e  c a se  w i t h  e x t r a c t a b l e  P,  s o i l  c l a s s i f i c a t i o n  
was n o t  a b l e  t o  d i s t i n g u i s h  be tween  e x t r a c t a b l e  SO^ 
c o n t e n t s  o f  M o l l l s o l s ,  O x i s o l s ,  H I s t o s o l s ,  and I n c e p t l s o l s .  
The d i s t i n c t i o n  be tween  s o i l s  b e l o n g i n g  t o  t h e s e  o r d e r s  o n l y  
a p p e a r s  a t  t h e  s e r i e s  l e v e l  when c r i t e r i a  such as  s o i l  c o l o r ,  
t e x t u r e ,  s t r u c t u r e ,  c o n s i s t e n c y ,  r e a c t i o n ,  c h e m i s t r y ,  and
J2J
m i n e r a l o g y  a r e  I n t r o d u c e d .  S e p a r a t i o n  was b e s t  a t  t h e  
m a p p i n g  u n i t  l e v e l ,  a r e s u l t  w h i c h  c o r r e s p o n d s  w i t h  
c o n c l u s i o n s  bas ed  on t h e  a n a l y s i s  o f  r e s i d u a l  mean s q u a r e s  
p r e v i o u s l y  p r e s e n t e d .  The I m p l i c a t i o n s  o f  t h e s e  r e s u l t s  seem 
t o  be t h a t  s o i l  t e x t u r e  p l a y s  an I m p o r t a n t  r o l e  I n  t h e  
e x t r a c t a b i I  I t y  o f  SO^-S f r om  s o i l s .  H oweve r ,  e f f e c t s  o f  
manag emen t  on e x t r a c t a b l e  S ( a n d  P) s h o u l d  no t  be d i s c o u n t e d ,  
no r  s h o u l d  f a c t o r s  such as r a f n f a l l ,  e l e v a t i o n ,  and  d i s t a n c e  
f r om  t h e  s e a .  These  f a c t o r s  a f f e c t  t h e  amount s  o f  SO^-S I n  
s o i l s  ( F o x  e t  a l ,  1 96 5 )  and  a r e  no t  t a k e n  I n t o  c o n s i d e r a t i o n  
by s o i l  c l a s s i f i c a t i o n .  F u r t h e r m o r e  t h e  t e x t u r a l  c l a s s e s  
r e c o g n i z e d  I n  t h e  f i e l d  may n o t .  I n  f a c t ,  be v a l i d .  Most  o f  
t h e s e  s o i l s .  I f  c o m p l e t e l y  d i s p e r s e d ,  a r e  c l a y s .
G e n e r a l l y  s u b s u r f a c e  s o i l  m a t e r i a l s  c o n t a i n e d  l a r g e r
amoun t s  o f  e x t r a c t a b l e  SO.-S t h a n  s u r f a c e  s o i l
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c o u n t e r p a r t s .  The p r o b a b l e  ca use  I s  t h a t  SO^-S s o r p t i o n  
c a p a c i t y  o f  s u b s o i l s  I s  g r e a t e r  t h a n  s u r f a c e  s o i l s ,  t h u s  
more  SO^-S has  been r e t a i n e d  and can  be e x t r a c t e d  w i t h  
Ca (H 2 P0 ^ ) 2  f r o m  s u b s u r f a c e  s o i l s .
W i t h i n  t h e  o r d e r  I n c e p t l s o l s ,  s o i l s  o f  t h e  s u b o r d e r  
T r o p e p t s  c o n t a i n e d  t h e  h i g h e s t  SO^-S c o n c e n t r a t i o n s ,  t h e i r  
a v e r a g e  v a l u e  was 130 u g / g .  S o i l s  o f  t h e  s u b o r d e r  A n d e p t s  
w e re  a s s o c i a t e d  w i t h  a mean v a l u e  o f  75 u g / g .  W i t h i n  t h e  
s u b o r d e r  A n d e p t s ,  mean v a l u e s  f o r  T y p i c  D y s t r a n d e p t s  was 78 
u g / g ,  f o r  T y p I c  E u t r a n d e p t s  was 74 u g / g ,  and f o r  T y p I c
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V l t r a n d e p t s  was 71 u g / g ,  mean v a l u e s  we r e  no t  s i g n i f i c a n t l y  
d i f f e r e n t  f r om  one  a n o t h e r  ( T a b l e  1 2 ) .  T r o p e p t s  we re  
a s s o c i a t e d  w i t h  an a v e r a g e  m e d i a n  a n n u a l  r a i n f a l l  o f  959  mm 
w h i c h  I s  a b o v e  t h e  a v e r a g e  r a i n f a l l  f o r  s o i l s  o f  t h i s  o r d e r ,  
and l o w e s t  pH and s i l i c o n  s o l u b i l i t y ,  and t h e  h i g h e s t  
c a p a c i t y  t o  s o r b  s u l f a t e  t h a n  any o f  t h e  s u r f a c e  s o i l s  
b e l o n g i n g  t o  t h e  o r d e r  I n c e p t l s o l s .  T h u s ,  t h e y  c o n t a i n e d  
l a r g e r  amoun t s  o f  e x t r a c t a b l e  s u l f a t e  b e c a u s e  o f  t h e i r  l ow pH 
and l a r g e r  amoun t s  o f  s o r b e d  s u l f a t e .
E x t r a c t a b l e  SO^-S was n e g a t i v e l y  r e l a t e d  t o  s o i l  pH
and s i l i c o n  s o l u b i l i t y ,  and p o s i t i v e l y  r e l a t e d  t o  r a i n f a l l
( T a b l e  8 and  9 ) .  F i g u r e  11 shows t h e  s t r o n g  n e g a t i v e
r e l a t i o n s h i p  be tween  s o i l  pH and e x t r a c t a b l e  s u l f a t e  f o r
s u r f a c e  s o i l s .  The r e l a t i o n s h i p  I s  s l i g h t l y  b e t t e r  f o r
s u b s o i l  s a m p l e s .  L a r g e  amoun t s  o f  SO^-S we re  e x t r a c t e d
when s o i l  pH was 4 . 0  o r  l e s s ,  w h e r e a s  l i t t l e  SO^-S was
e x t r a c t e d  when pH was 6 . 0  o r  h i g h e r .  The pH I n f l u e n c e s  t h e
amount  o f  SO^-S s o r b e d  ( K am p r a t h  e t  a l . ,  1956 )  w h i c h  I n
t u r n  I n f l u e n c e s  t h e  amoun t s  o f  SO.-S t h a t  can be e x t r a c t e d
4
f r om  t h e  s o i l .  As r a i n f a l l  I n c r e a s e s  so does t h e  amoun t  o f  
e x t r a c t a b l e  s u l f a t e .  T h i s  can be a c c o u n t e d  f o r  as f o l l o w s ;  
a )  g r e a t e r  a d d i t i o n s  o f  SO^-S as r a i n f a l l  I n c r e a s e d ,  and b)
h i g h e r  s u l f a t e  s o r p t i o n  c a p a c i t y  o f  s o i l s  d e v e l o p e d  u n d e r
h i g h  r a i n f a l l .  The r e l a t i o n s h i p  be tween  s i l i c o n  I n
s a t u r a t i o n  e x t r a c t s  and SO^-S I s  n e g a t i v e  f o r  bo th  s u r f a c e
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Table 12.  Means of  e xt ract ab l e  and sorbed s u l f a t e  In
r e l a t i o n  to pH, s i l i c o n  In sa tu ra t i on  e x t r ac ts ,  and median 
annual r a i n f a l l  of sur face s o i l s  be l ong ing  to  the d i f f e r e n t  
so i l  subgroups.
So i l  Chemical Property 
Soi l  subgroup Ext ractab le  SO.~S pH S i l i c o n  Annual median
SO^-S a t  5 ppm S o l u b i l i t y  r a i n f a l l
Humoxic 
Tropohumults
Typlc
Tropofol  I sts
UstoxIc 
Humltropepts
Typlc
Dystrandepts
Typlc
Eutrandepts
Typlc
VI t randepts 
Typlc
Hap I u s t o l I s
Typlc 
Torrox
A r l d i c  
Hap l u s t o l I s
Cumul11c 
Hap l u s t o l I s
 ug S/g—
279a 25a
131ab -76b
130ab 
78b 
74b 
71b 
71b 
70b 
65b 
57 b
50a
ug Sl/ml 
4 . 4 e  4 . 6e  , 1696
5.8bc 13bc 758
30 . 6a  4 . 8de 7 . 3de  954
5 .7bc 7 .4de 989
2.3ab 5 .9bc 10.3bcd 125
17ab 5 .5cd 14.8b 1275
l l a b  5 .4cd 8 .2cde 855 
-21 ab 5 .9bc 10.3bcd 570
-19ab 6 . 4b 12.4bc 490
-6ab 7 . 7 a  21 . 7a  400
Means fo l l owed by the same l e t t e r  are not s i g n i f i c a n t l y  d i f f e r e n t  at 
the 5$ level  by the Wal Ier-Duncan K-ra t I o  t - t e s t .
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u u u U L T IS O lS
F i g u r e  1 1 .  E x t r a c t a b l e  SO. -S o f  s u r f a c e  s o i l s  i n  r e l a t i o n  
t o  s o i l  pH.
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and  s u b s u r f a c e  s o l i  h o r i z o n s ,  b u t  I s  s i g n i f i c a n t  o n l y  f o r
s u r f a c e  h o r i z o n s .  The r e l a t i o n s h i p s  o f  s i l i c o n  I n  s a t u r a t i o n
e x t r a c t s  and  r a i n f a l l  w i t h  e x t r a c t a b l e  SO . -S  a r e  a d i r e c t
4
e f f e c t  o f  t h e  l o s s e s  o f  c a t i o n s  and a c c u m u l a t i o n  o f  F e ,  A l ,  
and  T I  o x i d e s  w h i c h  a f f e c t  t h e  pH as d e s l l i c a t l o n  o c c u r s .  
S i l i c a t e  I o n s  may a l s o  compe te  w i t h  s u l f a t e  a n i o n s  f o r
I
a d s o r p t i o n  s i t e s  and as a r e s u l t  l e s s  s u l f a t e  I s  s o r b e d  and 
t h e  amoun t s  o f  e x t r a c t a b l e  SO,  d e c r e a s e .
Even t h o u g h  mean v a l u e s  o f  e x t r a c t a b l e  SO^-S we re  
g e n e r a l l y  h i g h ,  a nd  l e v e l s  o f  s u l f a t e  w o u l d  be a d e q u a t e  f o r  
p l a n t  g r o w t h  I n  s o i l s  t h a t  s o r b  l i t t l e  o r  no s u l f a t e ,  we 
c a n n o t  c o n c l u d e  t h a t  t h e s e  v a l u e s  a r e  s u f f i c i e n t  f o r  p l a n t  
g r o w t h  u n d e r  t r o p i c a l  c o n d i t i o n s  b e c a u s e  c o n c e n t r a t i o n  as 
w e l l  as  q u a n t i t y  I s  an I m p o r t a n t  f a c t o r  I n  a v a i l a b i l i t y .  
R e s p o n s e s  t o  S f e r t i l i z a t i o n  have  been o b t a i n e d  I n  t h e  
t r o p i c s  when h i g h  l e v e l s  o f  e x t r a c t a b l e  SO^-S we re  p r e s e n t  
I n  t h e  s o l  I ( F o x ,  1 9 8 0 ) .
S u l f a t e  A d s o r p t i o n
T y p i c a l  s u l f a t e  s o r p t i o n  c u r v e s  f o r  t h e  m i n e r a l  s o i l  
o r d e r s  r e p r e s e n t e d  I n  t h i s  s t u d y  a r e  p r e s e n t e d  I n  F i g u r e  12 .  
The most  h i g h l y  w e a t h e r e d  s o i l s ,  U l t l s o l s  and I n c e p t l s o l s ,  
s o r b e d  t h e  l a r g e s t  q u a n t i t i e s  o f  s u l f a t e .  At s t a n d a r d  
SO^-S c o n c e n t r a t i o n  (5  ppm) O x i s o l s  and  M o l l l s o l s  s o r b e d  no
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Sulfate Adsorption Curves
SO^-S in Solution (ug/ml)
F i g u r e  1 2 .  T y p i c a l
so 
Ma u
i 1 s
SO4 -S 
o f  se
a d s o r p t i o n  c u r v e s  f o r  s u r f a c e  
e c t e d  s o i l  o r d e r s  o f  t h e  i s l a n d  o f
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s u l f a t e .  I n  f a c t  s o r p t i o n  was n e g a t i v e  w h i c h  p r e d i c t s  SO^-S 
r e l e a s e  I f  SO^-S f a l l s  be l o w  5 ppm In  s o l u t i o n  ( T a b l e  5 ) .
I n  t h e  c ase  o f  U l t l s o l s  t h e  amount s  o f  s u l f a t e  s o r b e d  a t
5 ppm r a n g e  f r om  -61 t o  99 ug/g  and t h e  mean v a l u e  was 25
ug/g  ( T a b l e  5 ) .  The r e l a t i o n s h i p  be tween  s i l i c o n  I n
s a t u r a t i o n  e x t r a c t s  and s u l f a t e  s o r p t i o n  I s  a r e f l e c t i o n  o f
»
t h e  e f f e c t  o f  w e a t h e r i n g  on t h e  c a p a c i t y  o f  s o i l s  t o  s o r b
«
s u l f a t e .  T a b l e s  8 and 9 show t h e  c o r r e l a t i o n  c o e f f i c i e n t s  o f  
t h i s  r e l a t i o n s h i p  f o r  s u r f a c e  and s u b s u r f a c e  s o i l  m a t e r i a l s  
r e s p e c t i v e l y .  The r e l a t i o n  I s  n e g a t i v e  and  h i g h l y  
s i g n i f i c a n t  I n  bo th  c a s e s .  T h u s ,  l ow c o n c e n t r a t i o n s  o f  
s i l i c o n  a r e  a s s o c i a t e d  w i t h  l a r g e  amoun t s  o f  SO^-S 
s o r p t i o n .  Hasan  e t  a l .  ( 1 9 7 0 )  c o n c l u d e d  t h a t  t h e  c a p a c i t y  o f  
s o i l s  t o  s o r b  s u l f a t e  I s  r e l a t e d  t o  w e a t h e r i n g  p r o d u c t s  and 
u n d e r  h u m i d  t r o p i c a l  c o n d i t i o n s  t h e  l o s s e s  o f  SI and b a s e s ,
a nd  t h e  a c c u m u l a t i o n  o f  Fe ,  A l ,  and T l  o x i d e s  r e s u l t  I n  s o i l s
w i t h  l i t t l e  p e r m a n e n t  n e g a t i v e  c h a r g e  b u t  w i t h  c o n s i d e r a b l e  
p H - d e p e n d e n t , p o s i t i v e  c h a r g e  w h i c h  r e s u l t e d  I n  s u l f a t e  and 
p h o s p h a t e  a d s o r p t i o n .  A l s o  t h e r e  was l i t t l e  s i l i c a t e  t o  
compete  w i t h  s u l f a t e  f o r  a d s o r p t i o n  s i t e s .
The r a n g e  o f  s u l f a t e  s o r p t i o n  by s o i l s  o f  t h e  o r d e r  
I n c e p t l s o l s  I s  -2 62  t o  102 u g / g ,  and t h e  mean s u l f a t e
s o r p t i o n  a t  s t a n d a r d  c o n c e n t r a t i o n  I s  12 ug/g  ( T a b l e  5) w h i c h
I s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r om  t h e  mean v a l u e  f o r  
U l t l s o l s .  W i t h i n  t h e  o r d e r  I n c e p t l s o l s ,  T y p l c  D y s t r a n d e p t s
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c o n t a i n e d  t h e  l a r g e s t  amoun t s  o f  s o r b e d  s u l f a t e  f o l l o w e d
c l o s e l y  by U s t o x l c  Hum I t r o p e p t s .  T y p i c  V l t r a n d e p t s  c o n t a i n e d
a p p r o x i m a t e l y  h a l f  as much s o r b e d  s u l f a t e  as U s t o x l c
Hurn I t r o p e p t s . T y p i c  E u t r a n d e p t s  c o n t a i n e d  t h e  l o w e s t  amount s
o f  s o r b e d  s u l f a t e  o f  any o f  t h e  I n c e p t l s o l s  ( T a b l e  1 2 ) .  The
r a n k i n g  g i v e n  a b o v e  I s  t h e  r e v e r s e  r a n k i n g  f o r  s i l i c o n
» «
s o l u b i l i t y  g i v e n  f o r  t h e s e  same s o i l s  I n  T a b l e  1 2 .  T h u s ,  t h e  
more SI p r e s e n t  t h e  l e s s  s u l f a t e  s o r b e d  b e c a u s e  o f  t h e  
c o m p e t i t i o n  be tween  s i l i c a t e  and s u l f a t e  f o r  s o r p t i o n  s i t e s .  
M i n e r a l  s o i l s  I n  t h i s  s t u d y  r a n k e d  I n  t h e  f o l l o w i n g  manne r  
f o r  s u l f a t e  s o r p t i o n ;
U l t l s o l s  > I n c e p t l s o l s  > O x i s o l s  > M o l l i s o l s .
H o w e v e r ,  t h e  means we re  no t  s i g n i f i c a n t l y  d i f f e r e n t  f r om  
one a n o t h e r .  The r a n k i n g  g i v e n  by Hasan  e t  a l . ( 1 9 7 0 )  f o r  
t h e  c a p a c i t y  o f  s o i l s  w i t h  v a r i o u s  m l n e r a l o g l c a l  s y s t e m s  t o  
s o r b  s u l f a t e  r e s e m b l e s  t h e  o r d e r  g i v e n  a b o v e .  U l t l s o l s  w h i c h  
c o n t a i n  l a r g e  q u a n t i t i e s  o f  c r y s t a l l i n e  o x i d e s  and  I n  
a d d i t i o n  t e n d  t o  be s t r o n g l y  a c i d i c  s o r b  more s u l f a t e  t h a n  
s o i l s  I n  w h i c h  m i n e r a l s  w i t h  p e rmanen t  n e g a t i v e  c h a r g e  
p r e d o m I n a t e .
In t h e  case  o f  M o l l i s o l s ,  T y p i c  H a p l u s t o l l s  c o n t a i n e d  
l a r g e s t  amoun t s  o f  s o r b e d  s u l f a t e  and a t  t h e  same t i m e  t h e  
l a r g e s t  amoun t s  o f  e x t r a c t a b i e  s u l f a t e  ( T a b l e  1 2 ) .  C u m u l l l c  
H a p l u s t o l l s  c o n t a i n e d  t h e  secon d  l a r g e s t  amoun ts  o f  s o r b e d  
s u l f a t e ,  and t h e  l o w e s t  SO^-S s o r p t i o n  f o r  t h i s  s o i l  o r d e r
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we re  a s s o c i a t e d  w i t h  A r l d i c  H a p l u s t o M s .  In t h i s  s o i l  o r d e r  
s i l i c o n  s o l u b i l i t y  f o l l o w e d  t h e  o r d e r  T y p l c  H a p l u s t o M s  < 
A r l d i c  H a p l u s t o M s  < C u m u M I c  H a p l u s t o M s  and t h e  same 
r a n k i n g  was f o u n d  when pH was t h e  c r i t e r i o n  f o r  r a n k i n g .  As 
a r e s u l t ,  f o r  t h e s e  s o i l s  t h e  r e l a t i o n s h i p  be tween  h i g h  
s i l i c o n  s o l u b i l i t y  o r  pH and t h e  low s o r b e d  s u l f a t e  d i d  no t  
h o l d .
The r e l a t i o n s h i p  be tween  s o i l  pH and s u l f a t e  s o r b e d  was 
n e g a t i v e  and s i g n i f i c a n t  f o r  bo t h  s u r f a c e  and s u b s u r f a c e  s o i l  
m a t e r i a l s  ( T a b l e s  8 and 9 ) .  K amp r a t h  e t  a l .  ( 1 9 5 6 )  
d e t e r m i n e d  t h a t  s u l f a t e  a d s o r p t i o n  d e c r e a s e s  w i t h  I n c r e a s i n g  
pH r e g a r d l e s s  o f  t h e  s u l f a t e  s u l f u r  c o n c e n t r a t i o n  I n  t h e  
s o i l .  I n  h i g h l y  w e a t h e r e d  s o i l s  t h e  r e t e n t i o n  o f  s u l f a t e  as 
pH d e c r e a s e s  I s  due t o  t h e  c o n s i d e r a b l e  p o s i t i v e  pH d e p e n d e n t  
c h a r g e s  w h i c h  t h e  s o i l s  h a v e .
S u l f a t e  s o r p t i o n  I s  c o n c e n t r a t i o n  d e p e n d e n t  ( K am p r a t h  e t  
a l . ,  1 9 5 6 ;  Chang and  Thomas ,  1 9 6 3 ;  Chao e t  a l . ,  1 9 6 2 ) .  T h i s  
can  be seen  t o  a c e r t a i n  e x t e n t  I n  t h i s  s t u d y ;  U l t l s o l s  w h i c h  
c o n t a i n e d  t h e  l a r g e s t  amoun t s  o f  s o r b e d  s u l f a t e ,  a l s o  
c o n t a i n e d  t h e  l a r g e s t  amoun t s  o f  e x t r a c t a b l e  s u l f a t e .  Second 
l a r g e s t  amoun t s  o f  s o r b e d  s u l f a t e  we re  o b s e r v e d  In  
I n c e p t l s o l s  w h i c h  a t  t h e  same t i m e  c o n t a i n e d  t h e  second  
l a r g e s t  amoun t s  o f  e x t r a c t a b l e  s u l f a t e .  H o weve r ,  I n  t h e  case  
o f  O x i s o l s  and  M o M I s o l s  t h e r e  I s  a d i s c r e p a n c y ;  M o M l s o l s ,  
w h i c h  c o n t a i n e d  l o w e r  amoun t s  o f  e x t r a c t a b l e  s u l f a t e  t h a n
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O x l s o l s ,  c o n t a i n e d  l a r g e r  amoun t s  o f  s o r b e d  s u l f a t e  t h a n  
O x l s o l s ,  I n  b o t h  s u r f a c e  and  s u b s u r f a c e  s o i l s .  I f  we we r e  t o  
d i v i d e  t h e  s o i l s  o f  t h e  o r d e r  M o l l l s o l s  I n t o  I t s  d i f f e r e n t  
s u b g r o u p s  t h i s  d i s c r e p a n c y  can  a l s o  be seen  ( T a b l e  1 2 ) .  T h i s  
d i s c r e p a n c y  I s  seen  more  s t r o n g l y  I n  s o i l s  o f  t h e  o r d e r  
I n c e p t l s o l  ( T a b l e  1 2 ) .  U s t o x i c  H u m l t r o p e p t s  w h i c h  c o n t a i n e d  
l a r g e r  amoun t s  o f  e x t r a c t a b l e  s u l f a t e  t h a n  T y p l c  D y s t r a n d e p t s  
c o n t a i n e d  l o w e r  amoun t s  o f  s o r b e d  s u l f a t e  t h a n  T y p l c  
D y s t r a n d e p t s .  W i t h i n  t h e  s u b o r d e r  A n d e p t s  t h i s  p r o b l e m  I s  
a l s o  s e e n .  Fo r  e x a m p l e  T y p l c  E u t r a n d e p t s  c o n t a i n e d  l a r g e r  
amoun t s  o f  e x t r a c t a b l e  s u l f a t e  t h a n  T y p l c  V l t r a n d e p t s  b u t  
t h e y  had  much l o w e r  amoun t s  o f  s o r b e d  s u l f a t e  t h a n  T y p l c  
V l t r a n d e p t s .  The r e l a t i o n s h i p  be tween  s o r b e d  s u l f a t e  and 
e x t r a c t a b l e  s u l f a t e  I s  n o t  s i g n i f i c a n t ,  w h i c h  t e l l s  us t h a t  
h i g h  SO^-S s o r p t i o n  I s  n o t  a l w a y s  a s s o c i a t e d  w i t h  h i g h
SO.-S c o n c e n t r a t i o n s  ( T a b l e  1 3 ) .
4
More c o n s i s t e n t  r e l a t i o n s h i p s  e x i s t  be tween  s o i l  P 
p r o p e r t i e s ,  such  as P s o r b e d  a t  s t a n d a r d  c o n c e n t r a t i o n s  and P 
I n  s a t u r a t i o n  e x t r a c t ,  w i t h  s o r b e d  s u l f a t e .  In f a c t  t h e  
c o r r e l a t i o n  c o e f f i c i e n t s  f o r  t h e s e  r e l a t i o n s h i p s  a r e  h i g h l y  
s i g n i f i c a n t  ( T a b l e  1 3 ) .  As a r e s u l t ,  when c o n c e n t r a t i o n s  o f  
P I n  s a t u r a t i o n  e x t r a c t s  a r e  h i g h e r  f o r  a g r o u p  o f  s o i l s  as 
compa r ed  t o  o t h e r s ,  t h e  amoun t s  o f  s o r b e d  s u l f a t e  a r e  l o w e r  
b e c a u s e  p h o s p h a t e  c ompe t es  w i t h  s u l f a t e  f o r  a d s o r b i n g  s i t e s  
and  p h o s p h a t e  I s  s o r b e d  more  r e a d i l y  t h a n  s u l f a t e  (K am p r a t h
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Table 13.  Co r r e l a t i o n  mat r i x  of  s u l f u r  cha rac te r i s t i c s  of  
sur face s o i l s  In r e l a t i o n  to phosphorus 
character  I s t i es
So i l  Chemical Property Ext rac tab le  Su l f u r  S sorbed a t  5 ppm
__________________ Cor re l a t i on  c o e f f i c i e n t s ________
Ex t r ac tab l e  s u l f u r  0 .06
P In sa t u r a t i on  ex t rac ts  -0.21* -0.41**
P sorbed a t  0 . 02  ppm 0.40** 0.57**
P sorbed a t  0 . 2  ppm 0 .25* 0.57**
P b u f f e r i n g  capac i ty  -0.06 0.43**
* = s i g n i f i c a n t  a t  the 5$ level
** = s i g n i f i c a n t  a t  the 1$ level
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e t  a l . ,  1 9 5 6 ;  Chang and  Thomas ,  1 9 6 3 ) .  I f  t h e  s o i l  I s  a b l e  
t o  s o r b  l a r g e  amoun t s  o f  p h o s p h a t e  I t  I s  a l s o  a b l e  t o  s o r b  
l a r g e  amoun t s  o f  s u l f a t e .  T h u s ,  U l t l s o l s  w h i c h  s o r b  t h e  
h i g h e s t  amoun t s  o f  P a l s o  s o r b  t h e  h i g h e s t  amoun t s  o f  
s u I  f a t e .
G e n e r a l l y  s u b s o i l s  s o r b  more  s u l f a t e  t h a n  c o r r e s p o n d i n g  
s u r f a c e  s o i l s .  C o n s i d e r i n g  a l l  s o i l s ,  s u b s u r f a c e  s o i l s  s o r b  
a p p r o x i m a t e l y  3 t i m e s  t h e  amount  o f  s u l f u r  s o r b e d  by s u r f a c e  
s o i l s .  I n  t h e  c ase  o f  I n c e p t l s o l s  t h e y  s o r b  4 t i m e s  m o r e .  
Some o f  t h e  r e a s o n s  f o r  t h i s  I n c l u d e ;
1 .  L a r g e r  c o n c e n t r a t i o n s  o f  s u l f a t e  I n  t h e  s u b s o i l  t h a n  
I n  s u r f a c e  s o l  I s .
2 .  Lower  c o n c e n t r a t i o n s  o f  P I n  s o l u t i o n  I n  s u b s u r f a c e  
s o i l s  w h i c h  o t h e r w i s e  w o u l d  compe te  w i t h  s u l f a t e  f o r  
s o r p t i o n  s i t e s .
As was t h e  case  w i t h  e x t r a c t a b l e  s u l f a t e  and  p h o s p h a t e ,
s o i l  c l a s s i f i c a t i o n  was n o t  a b l e  t o  d e t e r m i n e  any s i g n i f i c a n t
d i f f e r e n c e s  I n  s o r b e d  SO. -S be tween  t h e  d i f f e r e n t  m i n e r a l
4
s o i l  o r d e r s .  S i g n i f i c a n t  d i f f e r e n c e s  I n  s o r b e d  s u l f a t e  
s t a r t e d  t o  be seen when t h e  s o i l s  we r e  d i v i d e d  I n t o  
s u b g r o u p s ,  a nd  r e f i n e m e n t  was seen a s  t h e  c l a s s i f i c a t i o n  
s y s t em  wen t  as  f a r  as t h e  m a p p i n g  u n i t .  At  t h i s  p o i n t  t h e  
b e s t  mean s e p a r a t i o n  f o r  t h i s  s o i l  p r o p e r t y  was s e e n .  These  
r e s u l t s  c o i n c i d e  w i t h  t h o s e  o f  p a r t i t i o n i n g  v a r i a t i o n  o f  
c h e m i c a l  p r o p e r t i e s  p r e s e n t e d  b e f o r e ,  and I n  w h i c h  t h e  l o w e s t
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r e s i d u a l  mean s q u a r e  f o r  t h i s  p r o p e r t y  was a s s o c i a t e d  w i t h  
t h e  m a p p i n g  u n i t .  T h i s  p e r h a p s ,  t e l l s  us t h a t  t e x t u r a l  
c l a s s e s  h a v e  an e f f e c t  on t h e  amoun t s  o f  s o r b e d  s u l f a t e .  
However  as p o i n t e d  o u t  b e f o r e  we can  n o t  d i s c o u n t  t h e  e f f e c t s  
t h a t  c u l t u r a l  p r a c t i c e s  may have  had upon s u l f a t e  s o r p t i o n  
and  o t h e r  s o l i  p r o p e r t i e s ,  w h i c h  w i l l  n o t  be e l u c i d a t e d  by 
S o i l  T a x o n om y ,  and c o u l d  p o s s i b l y  o n l y  be shown I f  t h e  
d i f f e r e n t  m a p p i n g  u n i t s  we r e  d i v i d e d  i n t o  s m a l l e r  g r o u p s  
a c c o r d i n g  t o  managemen t  v a r i a b l e s .
E x c h a n g e a b l e  C a l c i u m ,  M a g n e s i u m ,  P o t a s s i u m ,  and  Sod i um
R an ges  o f  t h e  amoun t s  o f  e x c h a n g e a b l e  b a s e s  o f  s u r f a c e  
and  s u b s u r f a c e  s o i l s  a r e  p r e s e n t e d  I n  T a b l e s  3 and 4 .  They 
show t h e  l a r g e  v a r i a b i l i t y  I n  c a t i o n  c o n c e n t r a t i o n  among 
s o i l s .  C a l c i u m  was t h e  e x c h a n g e a b l e  c a t i o n  p r e s e n t  i n  
l a r g e s t  amoun t s  and made up a p p r o x i m a t e l y  70$ o f  t h e  e x c h a n g e  
c o m p l e x  o f  s o i l s  e x c e p t  M o l l l s o l s  whose e x c h a n g e  c o m p l e x  was 
made l a r g e l y  as a c o m b i n a t i o n  o f  bo t h  Ca and Mg.
A r l d i c  and  C u m u l l l c  H a p l u s t o l l s  c o n t a i n e d  t h e  l a r g e s t  
amoun t s  o f  e x c h a n g e a b l e  b a s e s  f o r  s u r f a c e  s o i l s  o f  t h e  o r d e r  
M o l l l s o l s  ( T a b l e  1 4 ) .  In t h e  case  o f  A r l d i c  H a p l u s t o l l s  t h e  
e x c h a n g e  c o m p l e x  was d o m i n a t e d  by Ca f o l l o w e d  by Mg.  In 
c o n t r a s t ,  C u m u l l l c  H a p l u s t o l l s  c o n t a i n e d  l a r g e r  amoun t s  o f  
e x c h a n g e a b l e  Mg.  T y p l c  H a p l u s t o l l s  c o n t a i n e d  a p p r o x i m a t e l y
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Table 14.  Means of  exchangeable ca lc ium,  magnesium, potassium 
and sodium in r e l a t i o n  to pH, and s i l i c o n  s o l u b i l i t y  
of  sur face s o i l s  be l ong ing  to  the d i f f e r e n t  so i l  sub­
groups .
So i l  Chemical Property
Soi l  subgroup _______________________ _^______________________________________________________________________
 Exchangeable__________  S i l i c o n  in satura-
Ca Mg K Na pH t i o n  ext rac ts
-------- meq/100 g---------- — ug/ml------
Humoxic
Tropohumults 4 . 4d  0 . 9d  0 .4b 0 .2c 4 . 4e  . 4 . 6 e
Typic
T ro po f o l l s t s  37 . 1a  7 . 9ab  1 .7ab 0 . 4c  5.8bc 13. l 'bc
Ustoxic
Humltropepts 6 .6cd 1 .7d l . l a b  0 . 2c 4 . 8de 7 . 3de
Typic
Dystrandepts 17.7dc 5.2bcd l . l a b  0 .3c 5.7bc 7 . 4de
Typic
Eutrandepts 28 .2ab 6 . 3bc 1 .6ab 0 . 4c  5 .9bc 10.3bcd
Typic
Vi t randepts  35 . 7a  3 . 5bcd 0 . 4b 0.5bc 5.5cd 14.8b
Typic
Ha p l u s t o l l s  5 . 7d 3 . l ed  0.8b 0 .4c 5 .4cd 8 .2cde
Typic
Torrox 9.5cd 4.3bcd 1 .3ab 0.7bc 5.9bc 10.3bcd
A r l d i c
H a p l u s t o l l s  14.6cd 7 .6b 2 . 3 a  1.6b 6 .4bc 12.4bc
Cumul I i  c
Ha p l u s t o l l s  8 . 3cd  12.3a 2 . 3 a  3 . 7 a  7 . 7 a  21 . 7a
Means f o l l owed  by the same l e t t e r  are not s i g n i f i c a n t l y  d i f f e r e n t  at  
the 5$ leve l  by the Wal Ier-Duncan K-rat I o  t - t e s t .
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o n e - h a l f  t h e  t o t a l  amount  o f  e x c h a n g e a b l e  c a t i o n s  c o n t a i n e d  
I n  A r l d l c  and  C u m u l l l c  H a p l u s t o l l s ;  t h i s  I s  no t  s u r p r i s i n g  
b e c a u s e  A r l d i c  H a p l u s t o l l s ,  as  t h e i r  name I m p l i e s ,  d e v e l o p e d  
u n d e r  d r y  c o n d i t i o n s  and  h av e  been e x p o s e d  t o  l i t t l e  
w e a t h e r i n g  and  l e a c h i n g .  At  t h e  same t i m e  a c c u m u l a t i o n  o f  
n u t r i e n t s  has  o c c u r r e d  on C u m u l l l c  H a p l u s t o l l s  as I n d i c a t e d  
by t h e i r  n ame .  On t h e  o t h e r  h and  T y p l c  H a p l u s t o l l s  d e v e l o p e d  
u n d e r ’w e t t e r  c o n d i t i o n s  r e s u l t i n g  I n  g r e a t e r  w e a t h e r i n g  and 
l e a c h i n g  as compa red  t o  A r l d i c  and C u m u l l l c  H a p l u s t o l l s .  
M o l l l s o l s  a r e  no t  d e f i c i e n t  I n  any o f  t h e  e x c h a n g e a b l e  
c a t i o n s .  Fo r  e x a m p l e ,  t h e  r a n g e  o f  e x c h a n g e a b l e  Ca f o r  
s u f a c e  s o i l s  was 3 . 5  t o  3 9  meq/100 g o f  s o i l ;  v a l u e s  w h i c h  
a r e  much l a r g e r  t h a n  t h e  c r i t i c a l  l e v e r  o f  0 . 5  meq Ca/100 g 
f o r  s u g a r c a n e  g i v e n  by Hum be r t  ( 1 9 6 3 ) .
C r i t i c a l  l e v e l s  f o r  e x c h a n g e a b l e  Mg we re  p r e s e n t e d  by 
D o l l  and L u c a s  ( 1 9 7 3 )  as f o l l o w s ;
0 - 0 . 2  meq/100 g - d e f i c i e n c y  symptoms w i l l  be o b s e r v e d  
on mos t  f i e l d ,  v e g e t a b l e ,  f r u i t ,  and g l a s s h o u s e  
c r o p s .
0 . 2 1  - 0 . 4 1  meq/100 g - d e f i c i e n c y  symptoms w i l l  be 
o b s e r v e d  I n  s u g a r  b e e t s ,  p o t a t o e s ,  f r u i t s ,  and  
g l a s s h o u s e  c r o p s .
0 . 4 3  - 0 . 8 3  meq/100 g - most f i e l d  and  v e g e t a b l e  c r o p s  
w i l l  r e s p o n d  l i t t l e  t o  Mg f e r t i l i z e r .  L e v e l  I s  
h o w e v e r ,  d e f i c i e n t  f o r  f r u i t ,  g l a s s h o u s e ,  and
136
0 . 8 4  - 1 . 5  meq/100 g - t o m a t o e s ,  c u c u m b e r s ,  p e p p e r s ,  and 
o t h e r  v e g e t a b l e  c r o p s  w i l l  r e s p o n d  t o  Mg a bo ve  t h i s  
l e v e l  and r e q u i r e m e n t s  w i l l  be d i c t a t e d  by t h e  
s p e c i f i c  ne eds  o f  each c r o p .
1 . 6  - 2 . 1  meq/100 g - v e g e t a b l e  c r o p s  g r own  I n  t h e
r  t
g l a s s h o u s e  w i l l  r e s p o n d  t o  a d d i t i o n s  o f  Mg.
Fo r  e x c h a n g e a b l e  K D o l l  and L uca s  ( 1 9 7 3 )  p r e s e n t e d  
c r i t i c a l  v a l u e s  f o r  d i f f e r e n t  s o i l  t y p e s  as f o l l o w s ;
Sands  and  l oamy sa nds  = 0 . 2 2  meq K/100 g
Sand l o ams  and l o am  = 0 . 2 6  meq K/100  g
S i l t  l o ams  and  c l a y s  = 0 . 3 2  meq K/100 g
H I s t o s o l s ,  r e p r e s e n t e d  by T y p i c  T r o p o f o l I s t s ,  had 
a d e q u a t e  amoun t s  o f  e x c h a n g e a b l e  b a se s  f o r  p l a n t  g r o w t h .
They o c c u r  n e a r  K u l a  a l o n g  w i t h  s o i l s  o f  t h e  K u l a  s e r i e s  
w h i c h  b e l o n g  t o  t h e  T y p i c  E u t r a n d e p t s .  R e s t r i c t i o n  o f  
H I s t o s o l s  t o  s u s t a i n  good  p l a n t  g r o w t h  l i e s  I n  t h e i r  s h a l l o w  
s o i l  p r o f i l e ;  no s u b s o i l  s a m p l e s  we r e  t a k e n  be ca us e  r o c k s  
we re  e n c o u n t e r e d  w i t h i n  12 t o  15 cm f r om  t h e  s u r f a c e .  T y p i c  
T r o p o f o l l s t s  c o n t a i n e d  t h e  l a r g e s t  amoun t s  o f  e x c h a n g e a b l e  
b a s e s  f o r  any  o f  t h e  s o i l  s u b g r o u p s  ( T a b l e  1 4 ) .
S o i l s  o f  t h e  s u b o r d e r  A n d e p t s ,  c o n t a i n e d  l a r g e  amoun t s  
o f  e x c h a n g e a b l e  b a s e s .  Those  c l a s s i f i e d  as  T y p i c  E u t r a n d e p t s
g r a s s i a n d  c r o p s .
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o c c u r  a t  t h e  so u t h  o f  t h e  s a m p l e d  a r e a  w he re  r a i n f a l l  I s  
r e l a t i v e l y  l o w ,  a nd  we re  no t  d e f i c i e n t  I n  any o f  t h e  
e x c h a n g e a b l e  b a s e s .  They r e p r e s e n t  t h e  l a r g e s t  g r o u p  o f  
s o i l s  I n  t h i s  s t u d y  and  a r e  now l a r g e l y  used  f o r  p a s t u r e .  A 
few s i t e s  a r e  used  f o r  v e g e t a b l e  and f l o w e r  p r o d u c t i o n  w h i c h  
ha ve  h i g h  r e q u i r e m e n t s  o f  e x c h a n g e a b l e  b a s e s .  They a r e ,
I
w i t h o u t  any d o u b t ,  v e r y  f e r t i l e .  I n  a few s i t e s  t h e  p r o f i l e  
was s h a l l o w  and as a r e s u l t  I t  was I m p o s s i b l e  t o  c o l l e c t  
s u b s o I  I samp I e s .
T y p l c  D y s t r a n d e p t s  and  V l t r a n d e p t s  c o n t a i n e d  s i m i l a r  
amoun t s  o f  e x c h a n g e a b l e  b a s e s  t o  t h o s e  o f  T y p l c  E u t r a n d e p t s .  
T h u s ,  t h e y  ha v e  a d e q u a t e  l e v e l s  o f  e x c h a n g e a b l e  b as e s  t o  
s u s t a i n  good  p l a n t  g r o w t h .  As w i t h  T y p l c  E u t r a n d e p t s ,  t he y  
a r e  g e n e r a l l y  u sed  f o r  p a s t u r e ,  howeve r  t he y  a l s o  o c c u r  u nd e r  
f o r e s t .  They d i f f e r  f r om  T y p l c  E u t r a n d e p t s  I n  t h a t  t h e y  
d e v e l o p  a t  h i g h e r  e l e v a t i o n s  and w e t t e r  c o n d i t i o n s .
U s t o x i c  H u m I t r o p e p t s  c o n t a i n e d  t h e  l o w e s t  amount s  o f  
e x c h a n g e a b l e  b a s e s  f o r  any o f  t h e  I n c e p t l s o l s .  C a l c i u m  
d e f i c i e n c i e s  w i l l  n o t  be l i k e l y  t o  o c c u r  I n  t h e s e  s o i l s  I f  
c ompa r e d  t o  t h e  c r i t i c a l  l e v e l  g i v e n  by Humbe r t  ( 1 9 6 3 ) .  
H o w e v e r ,  some s i t e s  a r e  d e f i c i e n t  I n  bo t h  K and Mg t h u s  
r e q u i r e  a d d i t i o n s  o f  t h e s e  e l e m e n t s .  These  s o i l s  g e n e r a l l y  
d e v e l o p e d  u n d e r  w e t t e r  c o n d i t i o n s  t h a n  o t h e r  I n c e p t l s o l s .
T y p l c  T o r r o x  c o n t a i n e d  a d e q u a t e  amoun t s  o f  e x c h a n g e a b l e  
b a s e s  f o r  p l a n t  g r o w t h  as can be seen f r om  t h e i r  means ( T a b l e
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1 4 ) .  They a r e  g e n e r a l l y  p l a n t e d  w i t h  s u g a r c a n e  and  d e v e l o p e d  
u nde r  a p p r o x i m a t e l y  600  mm o f  a n n u a l  r a i n f a l l .  A l l  s i t e s  
c l a s s i f i e d  as T y p l c  T o r r o x  h a v e  a d e q u a t e  amoun t s  o f  
e x c h a n g e a b l e  c a t i o n s .
H u m ox l c  T r o p o h u m u l t s  w h i c h  l a r g e l y  r e p r e s e n t  s o i l s  I n  
t h e  n o r t h  p o r t i o n  o f  t h e  a r e a  s a m p l e d ,  c o n t a i n e d  t h e  l o w e s t  
amoun t s  o f  e x c h a n g e a b l e  b a s e s  ( T a b l e  1 4 ) .  Even t h o u g h  t h e
t
means o f  e x c h a n g e a b l e  c a t i o n s  a r e  w e l l  a bo ve  t h e  c r i t i c a l  
l e v e l s  t h e r e  a r e  s i t e s  w h i c h  a r e  d e f i c i e n t  I n  t h e s e  
n u t r i e n t s .  As an e x a m p l e ,  s a m p l e  39 t r a n s e c t  1 has  c o n t e n t s  
o f  0 . 2 1 ,  0 . 0 5  and 0 . 0 7  meq/100 g o f  e x c h a n g e a b l e  Ca ,  Mg ,  and 
K r e s p e c t i v e l y .  T h i s  s i t e  w i t h o u t  any  d o u b t  I s  d e f i c i e n t  I n  
a l l  t h e s e  n u t r i e n t s .  T h i s  p a r t i c u l a r  s o i l  d e v e l o p e d  u n d e r  
a p p r o x i m a t e l y  1800 mm o f  r a i n f a l l  a nd  has  pH v a l u e s  o f  3 . 2  
and  3 . 1  f o r  s u r f a c e  and s u b s u r f a c e  s o i l s  r e s p e c t i v e l y .  These  
pH v a l u e s  a r e  t h e  l o w e s t  f o r  a l l  s o i l s  s a m p l e d .  The 
e x c h a n g e a b l e  b a s e s  we re  a l s o  v e r y  low I n  t h e  s u b s o i l  o f  t h i s  
s i t e .  The l a r g e  e x t e n t  o f  w e a t h e r i n g  and  l e a c h i n g  t o  w h i c h  
t h i s  s i t e  has  been e x p o s e d  I s  t h e  p r o b a b l e  r e a s o n  o f  t h e  low 
c o n c e n t r a t i o n  o f  c a t i o n s .  At  t h e  same t i m e  t h e r e  has been  a 
l a r g e  a c c u m u l a t i o n  o f  e x c h a n g e a b l e  Al I n  t h i s  s i t e  
( a p p r o x i m a t e l y  2 . 6  and 2 meq/100  g f o r  s u r f a c e  and  s u b s u r f a c e  
s o i l s  r e s p e c t i v e l y ) .
E x c h a n g e a b l e  b a s e s  g r a d u a l l y  I n c r e a s e d  as t h e  pH 
I n c r e a s e d  f r o m  3 . 2  t o  6 . 0  ( T a b l e s  8 and  9 ) .  H o w e v e r ,  a bo ve
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pH 6 . 0  t h e  c o n c e n t r a t i o n  o f  c a t i o n s  I n c r e a s e d  l i t t l e  as I s  
shown f o r  e x c h a n g e a b l e  Ca and  Mg I n  F i g u r e s  13 and 14 be c a u s e  
a s  t h e  pH I n c r e a s e s  t h e  n e g a t i v e  c h a r g e  o f  v a r i a b l e  c h a r g e  
s o i l s  I n c r e a s e s  c r e a t i n g  a l a r g e  a f f i n i t y  f o r  c a t i o n s .
The  r e l a t i o n s h i p  be tween  SI  I n  s a t u r a t i o n  e x t r a c t s  and 
e x c h a n g e a b l e  b a s e s  was a l s o  p o s i t i v e  and  s i g n i f i c a n t  even  
t h o u g h  t h e  r  v a l u e s  we re  low ( T a b l e s  8 and  9 ) .  Thus l a r g e r  
amoun t s  o f  e x c h a n g e a b l e  b a s e s  we re  f o u n d  on s o i l s  c o n t a i n i n g  
t h e  l a r g e s t  amoun t s  o f  SI I n  s a t u r a t i o n  e x t r a c t s .  The 
r e l a t i o n s  o f  e x c h a n g e a b l e  c a t i o n s  w i t h  bo th  pH and  s i l i c o n  I n  
s a t u r a t i o n  e x t r a c t s  a r e  a d i r e c t  r e s u l t  o f  t h e  e f f e c t  o f  
r a i n f a l l  ( w e a t h e r i n g )  upon t h e  s o i l s .  As r a i n f a l l  I n c r e a s e s  
pH and s i l i c o n  I n  s a t u r a t i o n  e x t r a c t s  d e c r e a s e  b e c a u s e  o f  
I n c r e a s e d  d e s l l l c a t l o n ,  l e a c h i n g ,  and  a c c u m u l a t i o n  o f  A l ,  Fe ,  
and T l  o x l d e s .
G e o s t a t l s i c a I  A n a l y s i s  o f  S o i l  C h em ic a l  P r o p e r t i e s
I s o t r o p i c  s e m I - v a r l o g r a m s  (90° ± 90°) we re  
compu t ed  f o r  each s o i l  c h e m i c a l  p r o p e r t y  s t u d i e d .  Fo r  most  
c h e m i c a l  p r o p e r t i e s  o f  s o i l s  o f  t h e  a r e a  s t u d i e d ,  
s e m I - v a r I o g r a m s  c l e a r l y  I l l u s t r a t e  t h a t  s e m I - v a r I a n c e  
I n c r e a s e s  w i t h o u t  l i m i t  as  t h e  d i s t a n c e  I n c r e a s e s .  I n  o t h e r  
w o r d s ,  s e m I - v a r I a n c e  does  n o t  l e v e l  o f f  as e x p e c t e d  f o r
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S O I L  PH
L E G E N D :  ORDER
I I I I N C E P T I S O L S  
o 0 o O X I S O L S
H H H H I S T O S O L S  
-  M -  M O L L I S O L S  
« u u U L T I S O L S
F i g u r e  1 3 .  E x c h a n g e a b l e  c a l c i u m  o f  s u r f a c e  s o i l s  I n  r e l a t i o n  
t o  s o i l  pH.
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L E G E N D :  ORDER
S O I L  PH
• ■ • I N C E P T I S O L S  
0 o 0 O X I S O L S
H H H H I S T O S O L S  
-  -  -  M O L L I S O L S  
u u u U L T I S O L S
F i g u r e  1 4 .  E x c h a n g e a b l e  magn es i um  o f  s u r f a c e  s o i l s  I n  
r e l a t l o n  t o  s o l  I pH.
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s t a t i o n a r y  ph e n omena .  These  r e s u l t s  I n d i c a t e  t h e  p r e s e n c e  o f  
s t r o n g  d i r e c t i o n a l  t r e n d s  I n  most  o f  t h e  p r o p e r t i e s  s t u d i e d  
o v e r  t h e  a r e a  s a m p l e d .
The I s o t r o p i c  s e m I - v a r I o g r a m  o f  t h e  pH o f  s u r f a c e  s o i l s  
I s  shown I n  F i g u r e  1 5 .  C l e a r l y ,  t h e  s e m l - v a r l a n c e  I n c r e a s e s  
w i t h  I n c r e a s i n g  d i s t a n c e .  T h e r e f o r e ,  s o i l  pH f o l l o w  c e r t a i n
I
p a t t e r n s .  These  p a t t e r n s  a r e  e v i d e n t  I n  t h e  map o f  s o i l  pH 
( F i g u r e  1 6 ) ;  f o r  e x a m p l e ,  s o i l  pH I n c r e a s e s  I n  a n o r t h  t o  
so u t h  d i r e c t i o n ,  a nd  d e c r e a s e s  I n  a w e s t  t o  e a s t  d i r e c t i o n .  
The a r e a  o f  Maul  shown on F i g u r e  16 I s  t h e  a r e a  e n c l o s e d  I n  
F i g u r e  17 w h i c h  a l s o  shows s a m p l e  s i t e s .  A l l  s u b s e q u e n t  maps 
o f  p r o p e r t i e s  o f  s o i l s  o f  t h e  I s l a n d  o f  Mau l  p r e s e n t e d  I n  
t h i s  t h e s i s  w i l l  o n l y  show t h e  e n c l o s e d  s e c t i o n  shown I n  
F i g u r e  1 7 .  S e m I - v a r I o g r a m s  f o r  e x c h a n g e a b l e  c a l c i u m ,  
m a g n e s i u m ,  s o d i u m ,  and  p o t a s s i u m ,  s i l i c o n  I n  s a t u r a t i o n  
e x t r a c t s ,  P s o r b e d  a t  0 . 0 2  ug P / m l ,  e x t r a c t a b l e  S,  and 
e x c h a n g e a b l e  Al s i m i l a r l y  r e v e a l e d  t h e  p r e s e n c e  o f  s t r o n g  
d i r e c t i o n a l  . t r e n d s  I n  t h e s e  s o i l  c h e m i c a l  p o r p e r t l e s .  
D i r e c t i o n a l  t r e n d s  r e v e a l e d  by s e m I - v a r I o g r a m s  a r e  a l s o  shown 
I n  I s a r l t h m  maps o f  t h e s e  p r o p e r t i e s .  As an e x a m p l e ,  t h e  
I s a r l t h m  map o f  s i l i c o n  I n  s a t u r a t i o n  e x t r a c t s  ( F i g u r e  18)  
shows t h a t  t h e  c o n c e n t r a t i o n  o f  s i l i c o n  I n  s a t u r a t i o n  
e x t r a c t s  I n c r e a s e s  I n  a n o r t h  t o  so u th  d i r e c t i o n  f r om  l e s s  
t h a n  5 ppm to  g r e a t e r  t h a n  15 ppm,  and a t  t h e  same t i m e .  I t  
d e c r e a s e s  I n  a wes t  t o  e a s t  d i r e c t i o n .
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Isotropic Ssml-varlogram for Soil pH
F i g u r e  1 5 .  I s o t r o p i c  s e m I - v a r 1og r am  f o r  pH o f  s u r f a c e  s o i l s  
o f  t h e  I s l a n d  o f  M a u l .
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F i g u r e  1 8 .  I s e r l t h m  map o f  s i l i c o n  I n  s a t u r a t i o n  e x t r a c t s  o f  
s u r f a c e  s o i l s  o f  t h e  I s l a n d  o f  M a u l .
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S e m i - v a r I o g r a m s  f o r  P I n  s a t u r a t i o n  e x t r a c t s  and 
e x t r a c t a b l e  P w e re  more  s t a t i o n a r y  t h a n  t h o s e  o f  t h e  a bo ve  
p r o p e r t i e s ,  t h a t  I s ,  t h e i r  s e m I - v a r I a n c e  I n c r e a s e d  w i t h  
d i s t a n c e  and  t h e n  l e v e l e d  o f f .  S e m l - v a r l o g r a m s  f o r  a c i d  
f l u o r i d e  e x t r a c t a b l e  P had b e t t e r  s t r u c t u r e  t h a n  t h o s e  f o r  
NaHCOj e x t r a c t a b l e  P whe re  t h e  s i l l  was l a r g e r  t h a n  t h e  
g e n e r a l  v a r i a n c e ,  p o s s i b l y  I n d i c a t i n g  a weak  t r e n d .  The 
s e m l - v a r l o g r a m  f o r  P I n  s a t u r a t i o n  e x t r a c t s  was somewhat  more 
s t r u c t u r e d  t h a n  t h o s e  f o r  NaHCO^- and a c i d  
f I u o r I d e - e x t r a c t a b I e  P,  howeve r  some p o i n t s  a r e  o u t  o f  t h e  
p a t t e r n .
Fo r  mos t  s o i l  c h e m i c a l  p r o p e r t i e s  s e m I - v a r I o g r a m s  have  
l i t t l e  o r  no n u g g e t  e f f e c t .  The n u g g e t  e f f e c t  as d e f i n e d  I n  
g e o s t a t I s t I c s  I s  t h e  Y I n t e r c e p t  o f  t h e  g r a p h  o r ,  t h e  v a l u e  
o f  t h e  s e m l - v a r I a n c e  a t  w h i c h  t he  c u r v e  I n t e r c e p t s  t h e  Y 
a x i s .  T h i s  v a l u e  I s  a r e f l e c t i o n  o f  s h o r t  d i s t a n c e  v a r i a t i o n  
o r  s p e c i f i c a l l y  v a r i a t i o n  a t  d i s t a n c e s  s m a l l e r  t h a n  t h e  
s a m p l i n g  d i s t a n c e .  T h u s ,  t h e  s a m p l i n g  d i s t a n c e  used  I n  t h i s  
s t u d y  was a d e q u a t e  and  I t  can be I n c r e a s e d  f o r  f u t u r e  
s a m p l i n g  o f  t h e  a r e a .
D i r e c t i o n a l  t r e n d s  r e v e a l e d  by s e m I - v a r I o g r a m s  o f  s o i l  
p r o p e r t i e s  s t u d i e d ,  a r e  l i k e l y  t o  be t h e  e f f e c t  o f  one o r  
more f a c t o r s  a c t i n g  upon t h e s e  s o i l  p r o p e r t i e s  a t  t h e  same 
t i m e .  Such f a c t o r s  may I n c l u d e :  p a r e n t  m a t e r i a l ,  r a i n f a l l ,  
e l e v a t i o n ,  t e m p e r a t u r e ,  a g e ,  d i s t a n c e  f r om  t h e  o c e a n ,  f l o r a ,
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f a u n a ,  and managemen t  p r a c t i c e s .  The I s o t r o p i c  
s e m l - v a r l o g r a m  f o r  m ed i a n  a n n u a l  r a i n f a l l  ( F i g u r e  19)
I n d i c a t e s  t h e  p r e s e n c e  o f  d i r e c t i o n a l  t r e n d s  on r a i n f a l l ;  t h e  
s e m I - V a r I a n c e  I n c r e a s e s  as t h e  d i s t a n c e  I n c r e a s e s ,  t h e n  I t  
l e v e l s  o f f  f o r  a s h o r t  d i s t a n c e ,  and a g a i n  s t a r t s  I n c r e a s i n g  
as t h e  d i s t a n c e  I n c r e a s e s .  T r e n d s  r e v e a l e d  by t h e  
s e m I - v a r I o g r a m  o f  m ed i a n  a n n u a l  r a i n f a l l  can a l s o  be seen I n  
t h e  map o f  r a i n f a l l  ( F i g u r e  2 0 ) .  R a i n f a l l  I n  t h e  a r e a  
s a m p l e d  I n c r e a s e s  I n  a wes t  t o  e a s t  d i r e c t i o n .  I n  a n o r t h  
t o  s o u t h  d i r e c t i o n ,  r a i n f a l l  d e c r e a s e s  t h e n  I n c r e a s e s  
t h e n  d e c r e a s e s  a g a i n .  Such n o n - u n i f o r m  t r e n d s  I n  
r a I n f a  I I p r o b a b  I y a c c o u n t  f o r  d i r e c t i o n a l  t r e n d s  In  s o i l  
c h e m i c a l  p r o p e r t i e s  r e v e a l e d  by t h e i r  s e m I - v a r I o g r a m s  and 
o b s e r v e d  I n  t h e  I s a r l t h m  map s .  R a i n f a l l  p l a y s  an I m p o r t a n t  
r o l e  I n  t h e  f o r m a t i o n  o f  s o i l s  I n  H a w a i i  and a p p a r e n t l y  I s  
r e s p o n s i b l e  f o r  d i r e c t i o n a l  t r e n d s  o b s e r v e d  I n  some o f  t h e  
s o i l  c h e m i c a l  p r o p e r t i e s  s t u d i e d .  Some o f  t h e  p r o p e r t i e s  
a f f e c t e d  by r a i n f a l l  I n c l u d e  pH,  s i l i c o n  In  s a t u r a t i o n  
e x t r a c t s ,  e x c h a n g e a b l e  c a l c i u m  and p o t a s s i u m .  These  f o u r  
s o i l  p r o p e r t i e s  v a r y  I n v e r s e l y  w i t h  r a i n f a l l ;  h i g h e s t  v a l u e s  
a r e  f o u n d  I n  d r y  a r e a s  and l o w e s t  v a l u e s  a r e a  f o u n d  I n  wet  
a r e a s  ( F i g u r e s  16 ,  1 8 ,  21 and 2 2 ) .  O th e r  p r o p e r t i e s  a f f e c t e d  
by r a i n f a l l  I n c l u d e  P s o r p t i o n  c a p a c i t y ,  S s o r p t i o n  c a p a c i t y ,  
and e x t r a c t a b l e  S.  These  t h r e e  s o i l  p r o p e r t i e s  a r e  h i g h e s t  
I n  a r e a s  o f  h i g h  r a i n f a l l  and l o w e s t  I n  a r e a s  o f  low r a i n f a l l
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F i g u r e  1 9 .  I s o t r o p i c  s e m l - v a r l o g r a m  f o r  m e d i a n  a nnu a  
r a i n f a l l  o f  t h e  I s l a n d  o f  M a u l .
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F i g u r e  2 0 .  M e d i a n  a n n u a l  r a i n f a l l  d i s t r i b u t i o n  o f  t h e  I s l a n d  
o f  Mau I .
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F i g u r e  2 1 .  I s a r l t h m  map o f  e x c h a n g e a b l e  c a l c i u m  o f  s u r f a c e  
s o i l s  o f  t h e  I s l a n d  o f  M a u l .
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F i g u r e  2 2 .  I s a r l t h m  map o f  e x c h a n g e a b l e  p o t a s s i u m  o f  s u r f a c e  
s o i l s  o f  t h e  I s l a n d  o f  M a u l .
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( F i g u r e s  2 3 ,  2 4 ,  2 5 ,  and 26)  .
D i r e c t i o n a l  t r e n d s  r e v e a l e d  by s e m I - v a r I o g r a m s  o f
e x c h a n g e a b l e  mag ne s i um  and s o d i u m ,  and shown I n  I s a r l t h m  maps
f o r  t h e s e  s o i l  p r o p e r t i e s  ( F i g u r e s  27 and 28 )  seem t o  be t h e
e f f e c t  o f  b o t h  r a i n f a l l  and d i s t a n c e  f r om  t h e  o c e a n .  In
g e n e r a l ,  l o w e s t  amoun t s  o f  t h e s e  two  c a t i o n s  we re  f o u n d  I n
a r e a s  o f  h i g h  r a i n f a l l ,  w h e r e a s  t h e  h i g h e s t  amoun t s  we re
<
f o u n d  on d r y  a r e a s  as I n  t h e  wes t  o f  t h e  a r e a  s a m p l e d .  , 
H o w e v e r ,  t h e  c o n t o u r s  o f  t h e s e  two p r o p e r t i e s  f o l l o w  t r e n d s  
t h a t  a r e  r e l a t e d  t o  t h e  d i s t a n c e  f r om  t h e  o c e a n .  The c l o s e r  
t h e  s o i l  I s  t o  t h e  ocean  t h e  h i g h e r  t h e  amoun t s  o f  
e x c h a n g e a b l e  m ag n e s i um  and s o d i u m ,  and as one moves away f r om 
t h e  oc e an  t h e  c o n c e n t r a t i o n  o f  t h e s e  c a t i o n s  I n  t h e  s o i l  
d e c r e a s e s .  T h i s  p a t t e r n  can be c l e a r l y  seen  I n  t h e  maps f o r  
bo t h  o f  t h e s e  s o i l  p r o p e r t i e s ,  e s p e c i a l l y  I n  t h e  w e s t  o f  t h e  
s a m p l e d  a r e a  ( F i g u r e s  27 and 2 8 ) .  The c o n c e n t r a t i o n  o f  t h e s e  
c a t i o n s  I n  sea  w a t e r  I s  h i g h :  Na = 1 0 , 5 0 0  ppm and Mg = 1350
ppm,  and more I m p o r t a n t l y  t h e y  a r e  v e r y  s t a b l e  I n  sea w a t e r  
as r e v e a l e d  by t h e i r  v e r y  l o n g  r e s i d e n c e  t i m e .  R e s i d e n c e  
t i m e  I s  d e f i n e d  as t h e  t i m e  r e q u i r e d  t o  r e p l a c e  c o m p l e t e l y  
t h e  amoun t  o f  a g i v e n  s u b s t a n c e  I n  t h e  o c e a n ,  and a p p a r e n t l y  
I s  r e l a t e d  t o  t h e  c h e m i c a l  b e h a v i o r  o f  each e l e m e n t .
E l e m e n t s  a f f e c t e d  l i t t l e  by s e d i m e n t a r y  o r  b i o l o g i c a l  
p r o c e s s e s  g e n e r a l l y  h ave  r e s i d e n c e  t i m e s  o f  many m i l l i o n s  o f  
y e a r s ,  and e l e m e n t s  used by o r g a n i s m s  o r  r e a d i l y  I n c o r p o r a t e d
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F i g u r e  2 3 .  I s a r l t h m  map o f  P s o r b e d  a t  0 . 0 2  ppm by s u r f a c e  
s o i l s  o f  t h e  I s l a n d  o f  M a u l .
155
FI g u r e  2 4 . I s a r l t h m  map o f  P s o r b e d  a t  0 . 2  ppm by s u r f a c e  
s o i l s  o f  t h e  I s l a n d  o f  M a u l .
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F i g u r e  2 5 .  I s a r l t h m  map o f  SO^-S s o r b e d  a t  5 ppm by 
s u r f a c e  s o i l s  o f  t h e  I s l a n d  o f  M a u l .
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F I g u r e  27 . I s a r l t h m  map o f  e x c h a n g e a b l e  mag n e s i um  o f  s u r f a c e  
s o i l s  o f  t h e  i s l a n d  o f  M a u l .
159
F i g u r e  2 8 .  I s a r l t h m  map o f  e x c h a n g e a b l e  s o d i um  o f  s u r f a c e  
s o i l s  o f  t h e  I s l a n d  o f  M a u l .
J6a
I n  s e d i m e n t s  t e n d  t o  have  much s h o r t e r  r e s i d e n c e  t i m e s  
r a n g i n g  f r om  a few h u n d r e d  t o  a t h o u s a n d  y e a r s  ( G r o s s ,  1 9 7 2 ) .  
The c o n c e n t r a t i o n  o f  Ca I n  sea w a t e r  I s  much l o w e r  t h a n  t h a t  
o f  Na and  Mg ,  400 ppm,  and  has  a v e r y  s h o r t  r e s i d e n c e  t i m e .
A summary o f  t h e  s p a t i a l  d e p e nde nc e  o f  c h e m i c a l  
p r o p e r t i e s  o f  s o i l s  b a se d  on I s o t r o p i c  s e m I - v a r l o g r a m s  I s
-r ^
p r e s e n t e d  I n  T a b l e  1 5 .  Rang es  o f  t h e  s e m l - v a r I o g r a m  f o r  s o i l  
c h e m i c a l  p r o p e r t i e s  v a r i e d .  The r a n g e  o f  a s e m l - v a r I o g r a m  I s  
d e f i n e d  as t h e  d i s t a n c e  a t  w h i c h  t h e  c u r v e  o f  t h e  
s e m l - v a r l o g r a m  l e v e l s  o f f ,  and  I s  an I n d i c a t i o n  o f  t h e  
d i s t a n c e  a t  w h i c h  a p a i r  o f  l o c a t i o n s  I s  d e p e n d e n t  on one 
a n o t h e r  ( C l a r k ,  1 9 8 2 ) .  Beyond  t h i s  d i s t a n c e ,  v a l u e s  o f  t h e  
p r o p e r t i e s  s t u d i e d  a r e  I n d e p e n d e n t  f r om  one s i t e  t o  t h e  
o t h e r .  Fo r  P I n  s a t u r a t i o n  e x t r a c t s  t h e  r a n g e  was 19 km,  15 
km f o r  P s o r b e d  a t  0 . 2  ppm,  20 km f o r  a c i d  f l u o r i d e  
e x t r a c t a b l e  P,  and 4 . 3  km f o r  NaHCO^ e x t r a c t a b l e  P .  These  
r a n g e s  a r e  much l a r g e r  t h a n  t h e  m l n l n u m  s a m p l i n g  d i s t a n c e  
used  I n  t h i s  s t u d y .  T h u s ,  s a m p l i n g  d i s t a n c e  seemed t o  be 
a d e q u a t e .  We a t t e m p t e d  t o  s a m p l e  a t  a d i s t a n c e  I n t e r v a l  l e s s  
t h a n  one  h a l f  t h e  r a n g e  o f  t h e  s e m I - v a r I o g r a m  f o r  t h e  
s e l e c t e d  s o i l  p r o p e r t y .  The r a n g e s  p r e s e n t e d  a b o v e  a r e  
r e l a t i v e l y  l a r g e .  They I n d i c a t e  t h a t  t h e  v a r i a t i o n  o f  t h e s e  
p r o p e r t i e s  o c c u r s  a t  r a t h e r  l a r g e  d i s t a n c e s .  T h i s  c o u l d  be 
t h e  ca s e  b e c a u s e  much o f  t h e  a r e a  s t u d i e d  I s  f a r m e d  t o  
p l a n t a t i o n  c r o p s  o r  I n  r a n c h e s .  These  f a r m s  a r e  l a r g e ,  and
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T ab le  1 5 . S p a t ia l dependence o f chem ical p ro p e r t ie s  o f s u rface
s o i l s  o f the  Is la n d  o f M au l.
Sol I P roperty Range
(a)
S i l l  Nugget E ffe c t  General
(c) (Y In te rcep t) va r iance
pH - - 0 0 .82
Ca - - 0 161 .1
Mg - - 1 .6 ’13 .4
K 13 0 .8 9 0 .3 9 ’ 0 .92
Na - - 0 0.66*
SI - - 0 18.3
P In sa tu ra­
t io n  e x trac ts 19 0 .8 9 0 .00065 0.001
P sorbed a t 
0 .02  ppm - - 8399 23331
P sorbed a t 
0 .2  ppm 15 143060 35765 119216
01 sen P 4 338 .8 263 .5 313 .7
Bray No. 1 P 20 87 .8 41 .6 77.1
E x trac . Al 12 0.61 0.41 0 .68
E x trac . S 7 10855 5921 16448
S sorbed a t 
5 ppm 11 5150 1962 4088
Annual Median 
r a l n f a l 1 0 206124
- = non-sta t iona ry  property
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c r o p  and  f e r t i l i z e r  managemen t  p r a c t i c e s  a r e  s i m i l a r  o v e r  
l a r g e  a r e a s .  H o w e v e r ,  o t h e r  f a c t o r s  such as r a i n f a l l ,  
t e m p e r a t u r e ,  e l e v a t i o n ,  and  v e g e t a t i o n  I n f l u e n c e  t h e  
v a r i a t i o n  o f  c h e m i c a l  p r o p e r t i e s  o v e r  t h e  l a n d s c a p e .  T hese  
f a c t o r s  c o n t r i b u t e  d i f f e r e n t l y ,  and  w i t h  d i f f e r e n t  d e g r e e s  o f  
I n f l u e n c e ,  t o  t h e  v a r i a t i o n  o f  c h e m i c a l  p r o p e r t i e s  o f  s o i l s ,
r  %
and t h u s  I t  I s  d i f f i c u l t  t o  s e p a r a t e  t h e  f a c t o r  mos t
«
a f f e c t i n g  t h e  s p a t i a l  d e p e n d e n ce  o f  c h e m i c a l  p r o p e r t i e s  o f  
t h i s  s t u d y .
U s i n g  t h e  I n f o r m a t i o n  o b t a i n e d  f r om  t h e  s e m I - v a r I o g r a m s ,  
v a l u e s  we r e  k r l g e d  a t  62 u n s a m p l e d  l o c a t i o n s  ( F i g u r e  29 )  f o r  
pH,  e x c h a n g e a b l e  K,  SI I n  s a t u r a t i o n  e x t r a c t s ,  P s o r b e d  a t  
0 . 0 2  ppm,  P s o r b e d  a t  0 . 2  ppm,  e x t r a c t a b l e  S,  and  S s o r b e d  a t  
5 ppm.  K r l g e d  v a l u e s  we re  t h e n  mapped and a r e  shown I n  
F I g u r e s  30 t o  3 6 .
E s t i m a t e s  o f  pH o f  s u r f a c e  s o i l s  ( F i g u r e  3 0 )  shows 
c l e a r l y  t h a t  s o i l  pH was h i g h e s t  I n  t h e  d r y  r e g i o n s  o f  t h e  
s o u t h  ( U l u p a l a k u a ) ,  and I n  t h e  west  be tween  Puunene  and 
K l h e l .  On t h e  o t h e r  h and  low pH v a l u e s  o c c u r  I n  t h e  n o r t h  o f  
t h e  s a m p l e  a r e a  w h e r e  s o i l s  d e v e l o p e d  u n d e r  we t  c o n d i t i o n s  
and  a r e  c l a s s i f i e d  as  U l t l s o l s .  T r e n d s  shown by t h e  map o f  
k r l g e d  v a l u e s  f o r  pH a r e  t h e  same as shown by t h e  I s a r l t h m l c  
map o f  t h e  o r i g i n a l  v a l u e s  o f  s o i l  pH p r e v i o u s l y  shown 
( F i g u r e  1 6 ) .  H o w e v e r ,  t h e  c o n t o u r s  on t h e  map w i t h  k r l g e d  
v a l u e s  a r e  s m o o t h e r  and c o v e r  t h e  a r e a  more  e v e n l y .
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E s t i m a t e s  o f  t h e  amoun t s  o f  P s o r b e d  a t  0 . 2  ppm by s u r f a c e
s o i l s  a r e  shown I n  F i g u r e  3 4 .  A g a i n ,  I t  can be seen  t h a t
t r e n d s  o b s e r v e d  on t h e  I s a r l t h m l c  map o f  t h e  o r i g i n a l  v a l u e s
o f  P s o r b e d  a t  0 . 2  ppm ( F i g u r e  24 )  a r e  a l s o  r e v e a l e d  by t h e
map o f  t h e  k r i g e d  v a l u e s .  But  c o m p a r i n g  t h e  two  maps I t  I s
o b v i o u s  t h a t  t h e  c o n t o u r s  a r e  sm o o th e r on t h e  map w i t h  k r i g e d
» %
v a l u e s .  I n  f a c t  I f  we compa re  t h e  maps o f  t h e  raw or  
o r i g i n a l  d a t a  w i t h  t h o s e  w i t h  k r i g e d  v a l u e s  f o r  t h e  d i f f e r e n t  
s o i l  p r o p e r t i e s ,  we f i n d  t h a t  c o n t o u r s  I n  maps w i t h  k r i g e d  
v a l u e s  a r e  sm o o th e r  t h a n  t h o s e  w i t h  c o r r e s p o n d i n g  o r i g i n a l  
v a l u e s ,  and  a t  t h e  same t i m e  t h e y  show same t r e n d s .  K r i g e d  
maps s h o u l d  d e m o n s t r a t e  sm o o th e r  c o n t o u r s  t h a n  c o r r e s p o n d i n g  
maps w i t h  o r i g i n a l  v a l u e s  b e c a u s e  k r l g l n g  does  o p t i m a l  
I n t e r p o l a t i o n ,  so v a l u e s  a r e  sm oo thed  a c c o r d i n g  t o  
n e i g h b o r h o o d  v a l u e s  and t h e i r  w e i g h t  I n  t h e  p r e d i c t e d  v a l u e  
I s  b a se d  on t h e  s p a t i a l  d e p e n d en ce  as e s t i m a t e d  by t h e  
s e m I - v a r I o g r a m s .  F u r t h e r m o r e  l o c a t i o n s  a t  w h i c h  v a l u e s  we re  
k r i g e d  a r e  u n i f o r m l y  d i s t r i b u t e d ,  g i v i n g  r i s e  t o  a w e l l  
b a l a n c e d  num ber o f  l o c a t i o n s  f o r  s u b s e q u e n t  c o n t o u r i n g  by t h e  
m a p p i n g  p r o g r a m .  A c t u a l  s a m p l e s  we re  n o n - u n I f o r m I y  
d i s t r i b u t e d  o v e r  t h e  a r e a  and be c au se  t h e  m a p p i n g  p r o g r a m  
does n o t c o n s i d e r  s p a t i a l  d e p e n d e n c e ,  c o n t o u r s  w e re  c u t  o f f  
s h a r p l y  l e a v i n g  g a ps  I n  t h e  map .  These  o b s e r v a t i o n s  s u g g e s t  
t h a t  I d e a l l y ,  b e t t e r  maps can be o b t a i n e d  by s a m p l i n g  a t  
u n i f o r m  d i s t a n c e s  and In  s t r a i g h t  l i n e s  p a r a l l e l  t o  one
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a n o t h e r  o v e r  t h e  l a n d s c a p e  o f  t h e  a r e a  t o  be s t u d i e d  r a t h e r  
t h a n  I n  r andom  f a s h i o n .  T h i s  k i n d  o f  s a m p l i n g  can  be done by 
d r a w i n g  a g r i d  o v e r  t h e  a r e a  t o  be s a m p l e d .  Such an a p p r o a c h  
I s  s e l d o m  p r a c t i c a l  b e c a u s e  o f  I n a c c e s s a b 1 I I t y  t o  t h e  
p r o p o s e d  s a m p l e  s i t e s  and  d i f f i c u l t y  I n  l o c a t i n g  s a m p l e  
s i t e s .  F u r t h e r m o r e ,  r i g i d  s a m p l i n g  g r i d  may have  s i t e s  t h a t
« I
a r e  o b v i o u s l y  n o t  good  f o r  s a m p l i n g  such  as u r b a n  a r e a s ,
«
g a r b a g e  dumps ,  ' g r a v e y a r d s ,  e t c .  A good  s a m p l i n g  p l a n  c o u l d  
b e n e f i t  f r om  d e t a i l e d  s o i l  s u r v e y  map s .  I f  a v a i l a b l e ,  a l o n g  
w i t h  t h e  s p a t i a l  r e l a t i o n s h i p s  o f  s o l i  p r o p e r t i e s  as r e v e a l e d  
by s e m l - v a r l o g r a m s .  W i t h  t h e  use o f  d e t a i l e d  s o l i  s u r v e y  
map s ,  a r e a s  t h a t  a r e  o b v i o u s l y  not  good  f o r  s a m p l i n g  can  be 
l o c a t e d  t h u s  s a v i n g  t i m e  and  e f f o r t .  F u r t h e r m o r e ,  such  maps 
d i s p l a y  p r e d o m i n a n t  s o i l s  o f  t h e  a r e a ,  t y p e  o f  t e r r a i n ,  and 
t o  some e x t e n t  t h e  a c c e s a b l l l t y  t o  d i f f e r e n t  l o c a t i o n s .  W i t h  
t h e  use o f  t h e  s p a t i a l  d e p e n d en c e  o f  s o i l  p r o p e r t i e s  an 
a d e q u a t e  s a m p l i n g  d i s t a n c e  I n t e r v a l  can be s e l e c t e d  so t h a t  a 
l a r g e  p e r c e n t  o f  t h e  v a r i a t i o n  I n  c h e m i c a l  p r o p e r t i e s  can be 
I n c l u d e d  I n  t h e  s a m p l e  p l a n .  T h u s ,  s a m p l i n g  does  n o t  h ave  t o  
be done I n  a u n i f o r m  g r i d  o r  a t  r a n do m ,  bu t  r a t h e r  I n  some 
way I n  w h i c h  m a j o r  s o i l s  o f  t h e  a r e a  a r e  s a m p l e d  and a 
d i s t a n c e  t h a t  w i l l  t a k e  I n t o  a c c o u n t  m ost o f  t h e  v a r i a t i o n  o f  
s o i l  c h e m i c a l  p r o p e r t i e s .
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F i g u r e  2 9 .  L o c a t i o n  o f  k r i g e d  p o i n t s  on t h e  I s l a n d  o f  M a u l .
F I g u r e  30 . pH o f  s u r f a c e  s o i l s  o f  t h e  I s l a n d  o f  Maul  u s i n g  
k r i g e d  e s t i m a t e s .
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Ff g u r e  31 . E x c h a n g e a b l e  p o t a s s i u m  o f  s u r f a c e  s o i l s  o f  t h e  
I s l a n d  o f  Maul  u s i n g  k r i g e d  e s t i m a t e s .
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o f  t h e  i s l a n d  o f  Maul  u s i n g  k r i g e d  e s t i m a t e s .
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F i g u r e  3 3 .  P h o s p h o r u s  s o r b e d  a t  0 . 0 2  ppm by s u r f a c e  s o i l s  o f  
t h e  I s l a n d  o f  Mau!  u s i n g  k r l g e d  e s t i m a t e s .
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F I g u r e  34 P h o s p h o r u s  s o r b e d  a t  0 . 2  ppm by s u r f a c e  soi  
t h e  I s l a n d  o f  Maui  u s i n g  k r l g e d  e s t i m a t e s .
s o f
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F i g u r e  3 5 .  E x t r a c t a b l e  s u l f u r  o f  s u r f a c e  s o i l s  o f  t h e  I s l a n d  
o f  Mau l  u s i n g  k r i g e d  e s t i m a t e s .
172
F i g u r e  3 6 ,  S u l f a t e  s u l f u r  s o r b e d  a t  5 ppm by s u r f a c e  s o i l s  
o f  t h e  I s l a n d  o f  Maul  u s i n g  k r i g e d  e s t i m a t e s .
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S o i l  s a m p l e s  we re  c o l l e c t e d  a t  s e v e n t y  s i t e s  on t h e  
I s l a n d  o f  Mau l  w i t h i n  an a r e a  e x t e n d i n g  e a s t w a r d  f r om  Puunene  
t o  t h e  w e s t e r n  s l o p e s  o f  M t .  H a l e a k a l a .  These  s a m p l e s  we re  
a n a l y z e d  f o r  s e l e c t e d  c h e m i c a l  p r o p e r t i e s  a n d ,  b a sed  on t h e  
r e s u l t s ,  s o i l  f e r t i l i t y  maps were  p r e p a r e d .  R e l a t i o n s h i p s  
be tween  s o i l  c h e m i c a l  p r o p e r t i e s  and  s o i l  c l a s s i f i c a t i o n  we re  
s t u d i e d .  F u r t h e r m o r e ,  t h e  s p a t i a l  d e p e n d en c e  o f  s o i l  
c h e m i c a l  p r o p e r t i e s  was d e t e r m i n e d  by u s i n g  s e m I - v a r I o g r a m s .  
W i t h  t h e  I n f o r m a t i o n  o b t a i n e d  f r om  t h e s e  s e m I - v a r I o g r a m s , 
v a l u e s  o f  c h e m i c a l  p r o p e r t i e s  we re  e s t i m a t e d  a t  u n s a m p l e d  
l o c a t i o n s  by t h e  me tho d  o f  k r l g l n g .  K r i g e d  v a l u e s  we re  
mapped I n  t h e  same manne r  as t h e  raw d a t a  v a l u e s .
E l e v a t i o n  I n  t h e  s t u d y  a r e a  r a n g e s  f r om  sea  l e v e l  t o  
1828 m, and m e d i a n  a n n u a l  r a i n f a l l  r a n g e s  f r om  325  t o  2500  
mm. In t h e  s t u d y  a r e a ,  r a i n f a l l  I n c r e a s e s  I n  a w e s t  t o  e a s t  
d i r e c t i o n .  I n  a n o r t h  t o  so u th  d i r e c t i o n ,  r a i n f a l l  d e c r e a s e s  
t h e n  I n c r e a s e s  t h e n  d e c r e a s e s  a g a i n .  L ow es t  r a i n f a l l  o c c u r s  
I n  t h e  U l u p a l a k u a ,  M a k e n a ,  K a m a o l e ,  K l h e l ,  P a l a ,  P u u n e n e ,  and 
Keahua  a r e a s .  I n  t h e s e  a r e a s ,  m e d i a n  a n n u a l  r a i n f a l l  amoun t s  
t o  600 mm o r  l e s s .  S o i l s  o f  t h e s e  a r e a s  b e l o n g  t o  t h e  
H a p l u s t o l l s ,  T r o p o f o l I s t s ,  and  T o r r o x  g r e a t  g r o u p s .  Some 
E u t r a n d e p t s  a r e  a l s o  e n c o u n t e r e d  I n  t h e  so u th  o f  U l u p a l a k u a .  
In t h e  P u k a l a n I ,  P u l e h u ,  W a l a k o a ,  Keokea  and n o r t h  o f
V . SUMMARY AND CONCLUSIONS
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U l u p a l a k u a  a r e a s  m e d i a n  a n n u a l  r a i n f a l l  r a n g e s  f r om  600  t o  
1000 mm. Fo r  t h e  mos t  p a r t ,  s o i l s  o f  t h e s e  a r e a s  a r e  
c l a s s i f i e d  as  E u t r a n d e p t s .  M o v i n g  e a s t  f r om  t h e  u p p e r  K u l a  
r o a d  t o w a r d s  t h e  s l o p e s  o f  M t .  H a l e a k a l a ,  m e d i a n  a n n u a l  
r a i n f a l l  r a n g e s  f r om  1000 mm t o  a p p r o x i m a t e l y  1300 mm, and 
s o i l s  o f  t h e  a r e a  a r e  f o r  t h e  most  p a r t  D y s t r a n d e p t s  b u t  a l s o  
some E u t r a n d e p t s .  The n o r t h e a s t  c o r n e r  o f  t h e  s a m p l e d ' a r e a  
I s  t h e  w e t t e s t  p o r t i o n  and m ed i a n  a n n u a l  r a i n f a l l  r a n g e s  
f r om  900 mm t o  3000  mm. S o i l s  o f  t h e s e  a r e a  b e l o n g  
t o  t h e  T r o p o h u m u l t s  and H u m l t r o p e p t s  g r e a t  g r o u p s .
The  pH o f  s o i l s  I n  t h e  s o u t h ,  w e s t ,  and  c e n t r a l  p a r t s  o f  
t h e  s t u d y  a r e a ,  w h e r e  H a p l u s t o l l s ,  T o r r o x ,  T r o p o f o I  I s t s ,  
E u t r a n d e p t s ,  and V l t r a n d e p t s  o c c u r .  I s  a d e q u a t e  f o r  mos t  
a g r o n o m i c  c r o p s ,  t h e  a v e r a g e  pH I s  a p p r o x i m a t e l y  6 . 0 .  S o i l s  
I n  t h e  Ma kawao ,  H a l l i m a l l e ,  H a i k u ,  P u k a l a n I ,  and P a u w e l a  
a r e a s  h av e  low pH,  g e n e r a l l y  5 . 5  o r  l e s s .  These  s o i l s  can 
r e q u i r e  l a r g e  amoun t s  o f  l i m e  t o  b r i n g  t h e i r  pH t o  a l e v e l  
s u i t a b l e  f o r  t h e  p r o d u c t i o n  o f  many a c i d  s e n s i t i v e  
a g r 1c u I t u r a I  c r o p s .
The c o n c e n t r a t i o n  o f  e x c h a n g e a b l e  b a se s  f o l l o w e d  
r a i n f a l l  p a t t e r n s .  Thus s o i l s  d e v e l o p e d  I n  h i g h  r a i n f a l l  
a r e a s  such T r o p o h u m u l t s  and H u m l t r o p e p t s  as w e l l  as 
D y s t r a n d e p t s  w h i c h  o c c u r  a t  h i g h  e l e v a t i o n s ,  c o n t a i n e d  l o w e r  
amoun t s  o f  e x c h a n g e a b l e  b a s e s  t h a n  t h e  H a p l u s t o l l s ,  T o r r o x ,  
T r o p o f o l I s t s ,  E u t r a n d e p t s ,  a nd  V l t r a n d e p t s  w h i c h  o c c u r  I n
175
r e g i o n s  o f  l o w e r  r a i n f a l l .  Howe ve r ,  f o r  t h e  most  p a r t ,  t h e  
s o i l s  c o n t a i n e d  a d e q u a t e  amoun t s  o f  e x c h a n g e a b l e  b a s e s  f o r  
p l a n t  g r o w t h .  E x c h a n g e a b l e  b a se s  we re  low In  s o i l s  f r om  many 
s i t e s  w he re  t h e  s o i l s  w e re  m o s t l y  T r o p o h u m u l t s  (M ak awao ,  
H a i k u ,  and  P a u w e l a  a r e a s ) .  Such s o i l s  r e q u i r e  a d d i t i o n s  o f  
t h e s e  e l e m e n t s  t o  s u s t a i n  good  p l a n t  g r o w t h .  Some s i t e s  
w h e r e  t h e  s o i l s  a r e  H u m l t r o p e p t s  ( H a l l l m a l l e  a r e a ) ,  a r e  
d e f i c i e n t  I n  bo t h  p o t a s s i u m  and m a g n e s i u m .  These  s o i l s  
d e v e l o p  I n  a r e a s  o f  r e l a t i v e l y  h i g h  r a i n f a l l  and t h e r e f o r e  
c a t i o n s  have  been  l e a c h e d .
E x c h a n g e a b l e  s o d i um  and mag ne s i um  In  s o i l s  was a l s o  
a f f e c t e d  by d i s t a n c e  f r om  t h e  o c e a n ;  s o i l s  c l o s e s t  t o  t h e  
o c e a n ,  and  p a r t i c u l a r l y  I n  d ry  a r e a s ,  c o n t a i n  t h e  g r e a t e s t  
amoun t s  o f  t h e s e  e l e m e n t s .  T h u s ,  s o i l s  I n  t h e  Mak en a ,  
K a m a o l e ,  a nd  K l h e l  a r e a s  c o n t a i n  t h e  g r e a t e s t  amoun t s  o f  
e x c h a n g e a b l e  s o d i u m  and m a g n e s i u m ,  t h e  c o n c e n t r a t i o n  o f  t h e s e  
e l e m e n t s  I n  t h e  s o i l  d e c r e a s e  w i t h  I n c r e a s i n g  d i s t a n c e  f r om  
t h e  c o a s t .
The c o n c e n t r a t i o n  o f  s i l i c o n  I n  s a t u r a t i o n  e x t r a c t s  was 
h i g h l y  c o r r e l a t e d  w i t h  r a i n f a l l .  S o i l s  I n  t h e  U l u p a l a k u a ,  
l o w e r  K u l a ,  M a k e n a ,  K l h e l ,  P u un en e ,  K e o k e a ,  W a l a k o a ,  P u l e h u ,  
and P a l a  a r e a s  w h i c h  d e v e l o p e d  u n d e r  low r a i n f a l l ,  c o n t a i n e d  
a p p r o x i m a t e l y  12 ppm o f  SI I n  s a t u r a t i o n  e x t r a c t s .  On t h e  
o t h e r  h a n d ,  s o i l s  I n  t h e  P u k a l a n I ,  Makawao ,  Kokomo ,  H a i k u ,  
a nd  P a u w e l a  a r e a s ,  wh i c h  d e v e l o p e d  u n de r  r e l a t i v e l y  h i g h
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r a i n f a l l ,  c o n t a i n e d  a p p r o x i m a t e l y  5 ppm o f  SI I n  s a t u r a t i o n  
e x t r a c t s .  These  s o i l s  b e l o n g  t o  t h e  T r o p o h u m u l t s  and 
H u m l t r o p e p t s  g r e a t  g r o u p s .  D y s t r a n d e p t s  w h i c h  d e v e l o p e d  
un d e r  h i g h  r a i n f a l l  and a t  h i g h  a l t i t u d e s  c o n t a i n e d  amoun t s  
o f  SI I n  s a t u r a t i o n  e x t r a c t s  s i m i l a r  t o  t h o s e  o f  T r o p o h u m u l t s  
and  H u m l t r o p e p t s .
The amoun t s  o f  P s o r b e d  by s o i l s  a t  0 . 2  ppm I n c r e a s e d  I n  
a w e s t  t o  e a s t  d i r e c t i o n  I n  t h e  s t u d y  a r e a .  I n  t h e  same 
m a n n e r ,  r a i n f a l l  I n c r e a s e d .  T h u s ,  a s i g n i f i c a n t  r e l a t i o n s h i p  
be tween  P s o r p t i o n  and  w e a t h e r i n g  p r o d u c t s  was f o u n d .
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H a p l u s t o M s  w h i c h  o c c u r  I n  t h e  Mak ena ,  K a m a o l e ,  and K l h e l  
a r e a s ,  as w e l l  as  T r o p o f o M s t s  w h i c h  o c c u r  I n  t h e  s o u t h  o f  
U l u p a l a k u a ,  s o r b e d  t h e  l e a s t  amoun t s  o f  P,  200  u g/g  o r  l e s s .  
These  s o i l s  r e q u i r e  o n l y  a s m a l l  amoun t s  o f  P.  They a l s o  
s o r b  t h e  l e a s t  amoun t s  o f  s u l f u r .  E u t r a n d e p t s  and  
D y s t r a n d e p t s ,  w h i c h  o c c u r  I n  t h e  n o r t h  o f  U l u p a l a k u a ,  K e o k e a ,  
W a l a k o a ,  P u l e h u ,  and u p p e r  K u l a  a r e a s  s o r b  P I n  amoun t s  
r a n g i n g  f r o m  600 t o  1000  u g / g .  They r e q u i r e  a d d i t i o n s  o f  P 
f e r t i l i z e r .  The T o r r o x  and  T y p l c  H a p l u s t o M s  w h i c h  o c c u r  
e a s t  o f  P u u n e n e ,  K e a h u a ,  a nd  P a l a  s o r b  amount s  o f  P r a n g i n g  
f r om  300  t o  700 u g / g .  They r e q u i r e  a d d i t i o n s  o f  P f e r t i l i z e r  
I n  q u a n t i t i e s  s m a l l e r  t h a n  t h o s e  r e q u i r e d  by E u t r a n d e p t s  and 
V l t r a n d e p t s .  The D y s t r a n d e p t s ,  w h i c h  o c c u r  a t  h i g h  
e l e v a t i o n s  on t h e  s l o p e s  o f  Mt .  H a l e a k a l a ,  and t h e  
H u m l t r o p e p t s  and T r o p o h u m u l t s ,  wh i c h  o c c u r  I n  t h e  n o r t h e a s t
Ml
c o r n e r  o f  t h e  s t u d y  a r e a ,  s o r b  amoun t s  o f  P r a n g i n g  f r o m  600 
t o  1500 u g / g .  T h u s ,  t h e y  r e q u i r e  l a r g e  amoun t s  o f  P.  They 
a l s o  s o r b  t h e  l a r g e s t  amoun t s  o f  s u l f u r .
L a r g e s t  amoun t s  o f  e x t r a c t a b l e  s u l f u r  we re  c o n t a i n e d  on 
s o i l s  b e l o n g i n g  t o  t h e  T r o p o h u m u I t s .  Hum I t r o p e p t s ,  and 
D y s t r a n d e p t s  g r e a t  g r o u p s  wh i c h  d e v e l o p e d  I n  a r e a s  o f  h i g h
t S
r a i n f a l l .  On t h e  o t h e r  h a n d ,  s o i l s  o c c u r r i n g  I n  low r a i n f a l l
I
a r e a s ,  such  as  I n  t h e  U l u p a l a k u a ,  Mak en a ,  K e o k e a ,  K a m a o l e ,  
K l h e l ,  P u u n e n e ,  K e a h u a ,  and P a l a  a r e a s ,  c o n t a i n e d  t h e  l o w e s t  
amoun t s  o f  e x t r a c t a b l e  s u l f u r .
V a r i a t i o n  I n  c h e m i c a l  p r o p e r t i e s  can  be a s s i g n e d  t o  t h e  
v a r i o u s  t a x a .  V a r i a t i o n s  I n  e x c h a n g e a b l e  Ca,  Mg ,  Na ,  and K,  
and SI  I n  s a t u r a t i o n  e x t r a c t s  among s o i l s  we re  m o s t l y  
a c c o u n t e d  f o r  a t  t h e  f a m i l y  l e v e l .  The m a p p i n g  u n i t  l e v e l  
a c c o u n t e d  f o r  a d d i t i o n a l  v a r i a t i o n  among s o i l s  I n  e x t r a c t a b l e  
s u l f u r  and  p h o s p h o r u s ,  and  s u l f u r  and  p h o s p h o r u s  s o r p t i o n .
Sem I- v a r 1o g r am s  I n d i c a t e d  t h e  p r e s e n c e  o f  such s t r o n g  
d i r e c t i o n a l  t r e n d s  I n  most  s o i l  c h e m i c a l  p r o p e r t i e s  t h a t  t h e  
d a t a  we re  c o n s i d e r e d  non s t a t i o n a r y .  D i r e c t i o n a l  t r e n d s  we re  
a l s o  r e v e a l e d  by f e r t i l i t y  map s .  Such t r e n d s  r e s u l t  f r om  one  
o r  more f a c t o r s  a c t i n g  upon s o i l s  a t  o n c e .  Such f a c t o r s  
I n c l u d e :  r a i n f a l l ,  p a r e n t  m a t e r i a l ,  e l e v a t i o n ,  t e m p e r a t u r e ,
f l o r a ,  f a u n a ,  d i s t a n c e  f r om  t h e  o c e a n ,  and nume rous  
managemen t  p r a c t i c e s .  Among t h e s e  f a c t o r s ,  r a i n f a l l  I s  most  
I m p o r t a n t  b e c a u s e  o f  I t s  m a j o r  r o l e  I n  f o r m a t i o n  o f  s o i l s  I n
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K,  SI I n  s a t u r a t i o n  e x t r a c t s ,  P s o r p t i o n ,  S s o r p t i o n ,  and
e x t r a c t a b l e  s u l f u r  and  a l u m i n u m .  R a i n f a l l  was r e s p o n s i b l e  
f o r  much o f  t h e  d i r e c t i o n a l  t r e n d s  I n  t h e s e  p r o p e r t i e s
r e v e a l e d  by s e m l - v a r l o g r a m s .  D i s t a n c e  f r om  t h e  o c e a n  was a
m a j o r  f a c t o r  a f f e c t i n g  t h e  d i s t r i b u t i o n  o f  e x c h a n g e a b l e  
m ag n e s i um  and  s o d i u m ;  s o i l s  c l o s e s t  t o  t h e  o c e a n .  I n  d r i e r  
a r e a s ,  c o n t a i n e d  t h e  l a r g e s t  amoun t s  o f  t h e s e  e l e m e n t s .  
C o n c e n t r a t i o n s  o f  t h e s e  e l e m e n t s  I n  s o i l s  d e c r e a s e d  w i t h  
I n c r e a s i n g  d i s t a n c e  f r om  t h e  o c e a n .
G e o s t a t I s t I c s  I s  a u s e f u l  t o o l  f o r  s t u d y i n g  s o i l  
p r o p e r t i e s  b e c a u s e  I t  r e v e a l s  s p a t i a l  d e p e n d e n ce  as w e l l  as 
t h e  p r e s e n c e  o f  d i r e c t i o n a l  t r e n d s .  I f  a n y .  S p a t i a l  
d e p e n d e nc e  o f  s o i l  p r o p e r t i e s ,  as I n d i c a t e d  by 
s e m l - v a r l o g r a m s ,  can be u sed t o  d e t e r m i n e  an a p p r o p l a t e  
s a m p l i n g  d i s t a n c e  ( I n t e r v a l )  t o  a c c o u n t  f o r  a l a r g e  p e r c e n t  
o f  t h e  v a r i a t i o n  I n  s o l i  c h e m i c a l  p r o p e r t i e s  a s s o c i a t e d  w i t h  
s o i l  f e r t i l i t y  and f e r t i l i z e r  r e q u i r e m e n t s .  The s a m p l i n g  
I n t e r v a l  u sed  I n  t h i s  s t u d y  was 3 . 5  km w h i c h  was much l o w e r  
t h a n  t h e  a v e r a g e  r a n g e  o f  s o i l  c h e m i c a l  p r o p e r t i e s  I n  t h e  
a r e a ,  and  was more  t h a n  a d e q u a t e  t o  a c c o u n t  f o r  a l a r g e  
p e r c e n t  o f  t h e  v a r i a t i o n  I n  most  s o l i  c h e m i c a l  p r o p e r t i e s .
Fo r  f u t u r e  s a m p l i n g  o f  t h e  a r e a  I t  I s  p o s s i b l e  t o  I n c r e a s e  
t h e  s a m p l i n g  d i s t a n c e  I n t e r v a l  by two t o  t h r e e  km and s t i l l  
a c c o u n t  f o r  a l a r g e  p e r c e n t  o f  t h e  v a r i a t i o n  I n  most  s o i l
H a w a i i .  R a i n f a l l  w as  r e l a t e d  t o  s o i l  pH , e x c h a n g e a b l e  Ca a nd
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c h e m i c a l  p r o p e r t i e s .
U s i n g  t h e  s p a t i a l  r e l a t i o n s h i p s  o f  s o i l  c h e m i c a l  
p r o p e r t i e s ,  v a l u e s  f o r  some p r o p e r t i e s  we re  e s t i m a t e d  a t  
u n s a m p l e d  l o c a t i o n s  by t h e  use o f  k r i g i n g  and t h e s e  v a l u e s  
we re  m ap p e d .  Maps ba sed  on k r i g e d  v a l u e s  show t r e n d s  I n  s o i l
p r o p e r t i e s  s i m i l a r  t o  t h o s e  shown by I s a r l t h m  maps b a se d  on
\
raw o r  o r i g i n a l  d a t a .  H o w e v e r ,  c o n t o u r s  I n  k r i g e d  maps a r e  
sm o o t h e r  and g e n e r a l l y  c o v e r  t h e  s a m p l e  a r e a  more e v e n l y .  
K r i g i n g  does  o p t i m a l  I n t e r p o l a t i o n ,  t h u s  v a l u e s  a r e  smoo t hed  
a c c o r d i n g  t o  n e i g h b o r i n g  v a l u e s  and t h e i r  I m p o r t a n c e  o f  
v a l u e s  b a se d  on s p a t i a l  d e p e n d e n ce  as e s t i m a t e d  by t h e  
s e m I - v a r I o g r a m s .  F u r t h e r m o r e ,  k r i g e d  v a l u e s  we re  e s t i m a t e d  
a t  a u n i f o r m  d i s t a n c e  f r om  one  a n o t h e r  and c o v e r  t h e  e n t i r e  
a r e a  o f  s t u d y .  On t h e  o t h e r  h a n d ,  a c t u a l  s a m p l e s  w e re  t a k e n  
a t  n o n - u n i f o r m  d i s t a n c e s  f r om  one a n o t h e r ,  and some p a r t s  o f  
t h e  a r e a  w e re  s a m p l e d  more  I n t e n s i v e l y  t h a n  o t h e r s .  T h u s ,  
g a p s  I n  t h e  d a t a  we re  p r e s e n t .  As a r e s u l t ,  c o n t o u r s  a r e  c u t  
o f f  s h a r p l y  a t  t h o s e  g a p s .
L a r g e  a r e a s  can b e s t  be s a m p l e d  u s i n g  I n f o r m a t i o n  
c o n t a i n e d  I n  d e t a i l e d  s o i l  s u r v e y  maps ,  a l o n g  w i t h  t h e  
s p a t i a l  r e l a t i o n s h i p s  o f  s o i l  p r o p e r t i e s  r e v e a l e d  by 
s e m I - v a r I o g r a m s .  U s i n g  s u r v e y  maps one  I s  a b l e  t o  s e l e c t  
s i t e s  w he re  m a j o r  s o i l s  o f  t h e  a r e a  o c c u r ,  t o  I n c l u d e  mos t  o f  
t h e  d i f f e r e n t  t y p e s  o f  s o i l s ,  t o  d e t e r m i n e  a r e a s  w h i c h  a r e  
no t  v a l i d  s a m p l e s  s i t e s ,  and t o  d e t e r m i n e ,  more o r  l e s s ,  how
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a c c e s s i b l e  t h e  l o c a t i o n s  can b e .  U s i n g  s p a t i a l  d e p e n d e n c e  o f
s o i l  p r o p e r t i e s  an a p p r o p l a t e  s a m p l i n g  d i s t a n c e  can  be
d e t e r m i n e d  and  u sed  f o r  a c t u a l  s a m p l i n g .
One way t h i s  s t u d y  can be used  I s  t o  make g e n e r a l
e s t i m a t e s  o f  f e r t i l i z e r  r e q u i r e m e n t s  t o  b r i n g  s o i l s  o f  an
a r e a  t o  l e v e l s  t h a t  a r e  a d e q u a t e  f o r  c r o p  p r o d u c t i o n .  I t
• «
a l s o  can be used  t o  d e t e r m i n e  wha t  s o r t  o f  c r o p s  s h o u l d  be 
g r own  I n  an a r e a — m a t c h i n g  t h e  f e r t i l i t y  o f  s o i l s  t o  c r o p s  
t h a t  w o u l d  be p r o d u c t i v e  I n  t h o s e  s o i l s .
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Table 16.  Mean, standard dev i a t i o n ,  minimum, and maximum of
chemical  p r ope r t i es  of sur face s o i l s  be l ong ing  t o  the 
order  Incept I so I .
So i l  Chemical 
Property Mean
Standard
Dev iat i on Minimum Maximum
pH 5 . 6 0 .6 4.0 6 .6
Ca (meq/100 g) 21 10 .9 1 .1 39 . 2  ‘
Mg (meq/100 g) 4 . 9 3 . 6 0 .5 20 .7
K (meq/100 g) 1 .4 0 . 9 0 . 2
/
4 . 0
Na (meq/100 g) 0 . 3 0 . 2 0.1 0 . 8
SI In s a t u ra t i on  
ex t rac ts  (ug/ml) 9.1 3 . 8
$
1 .9 17.5
P In sa tu r a t i on  
ex t rac ts  (ug/ml) 0.031 0.040 0.001 0.195
P sorbed a t  
0 . 02  ppm (ug/g) 88 136 -245 327
P sorbed at 
0 . 2  ppm 614 362 150 1765
P bu f f e r i n g  
capac i ty  (ug/g) 163 106 53 585
Olsen P (ug/g) 20 . 4 17.6 1 .4 70.5
Bray No.1 P (ug/g) 9 .6 9 .6 0 .4 44 .8
Al (meq/100 g) 0 .097 0.240 0 . 0 1 .217
Ext rac .  S (ug/g) 89 52 39 264
S sorbed at  
5 ppm (ug/g) 11 64 -262 102
Median annual 
ra l  n f a l 1 849 242 575 1750
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T ab le  17 . Mean, s tanda rd  d e v ia t io n ,  minimum, and maximum o f
chem ical p r o p e r t ie s  o f s u r fa ce  s o i l s  b e lo n g in g  t o  the
o rd e r  Mol 11 s o l .
Soi l  Chemical 
Property Mean
Standard
Dev i a t i on Mlnimum Maximum
pH 6 . 3 0.7 5 .3 7 . 7
Ca (meq/100 g) 11 .6 11 .4 3 . 5 39
Mg (meq/100 g) 7.1 3 . 7 2 . 7 12.4
K (meq/100 g) 1 . 9 1 .2 0 . 4 4 . 3
Na (meq/100 g) 1 .6 2.1 0 . 2 5 . 8
SI In s a t u ra t i on  
ex t rac ts  (ug/ml) 12.5 4 .6 6 . 5 21 .7
P In sa tu ra t i on  
e x t racts  (ug/ml) 0 .075 0.045 0 . 019 0 . 134
P sorbed a t  
0 . 02  ppm (ug/g) -8 141 -300 . 201
P sorbed a t  
0 . 2  ppm (ug/g) 188 134 90 482
P bu f f e r i n g  
capac i ty  (ug/g) 56 28 30 116
Olsen P (ug/g) 26 .4 25 . 4 5 . 9 82.5
Bray No.1 P ( u g/g ) 12.8 8 . 2 3.1 23 .6
Al (meq/100 g) 0 . 012 0.023 0 . 0 0 . 059
Ext rac .  S (ug/g) 65 24 37 105
S sorbed at  
5 ppm (ug/g) -10 18 -40 13
Median annual 
r a l n f a l 1 570 199 325 900
n = 8
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T ab le  18 . Mean, s tanda rd  d e v ia t io n ,  minimum, and maximum o f
chem ica l p r o p e r t ie s  o f s u r fa ce  s o i l s  b e lo n g in g  t o  the
o rde r  O x is o l .
Soi l  Chemical Standard
Property Mean Dev i a t i on  Minimum Maximum
pH 5 . 9 0 . 5 5 .3 6 . 4
Ca (meq/100 g) 9 . 5 7 . 3 4 . 4 23 .2 •
Mg (meq/100 g) 4 .3 2.1 1 .3 7 . 2
K (meq/100 g) 1 .3 0 . 6 0 . 4 1 .7
Na (meq/100 g) 0 .7 0 . 6 0.1 1 .8
SI In s a t u r a t i on  
ex t rac ts  (ug/ml) 10.3 3 . 6
/
5 . 9 15.6
P In sa tu r a t i on  
e x t racts  (ug/ml) 0 . 034 0.046 0.006 0.127
P sorbed at  
0 . 02  ppm (ug/g) 68.5 29 .5 40 102
P sorbed a t  
0 . 2  ppm 266 118 168 460
P bu f f e r i n g  
capac i ty  (ug/g) 57 29 32 113
Olsen P (ug/g) 14.5 6 . 7 7 . 5 24 . 9
Bray No.1 P (ug/g) 8 .7 4 . 8 4 .3 15.8
Al (meq/100 g) 0 . 022 0.031 0 . 0 0 .079
Ext r ac .  S (ug/g) 70 46 37 158
S sorbed at  
5 ppm (ug/g) -21 51 -105 29
Median annual 
r a l n f a l 1 
n = 6
570 94
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T ab le  19 . Mean, s tandard  d e v ia t io n ,  minimum, and maximum o f
chem ica l p r o p e r t ie s  o f  su r face  s o i l s  b e lo n g in g  t o  the
o rde r  U l t l s o l .
Soi l  Chemical 
Property Mean
Standard
Dev iat i on MI nimum Maximum
pH 4 . 4 0 . 9 3 . 2 6 . 7
Ca (meq/100 g) 4 . 4 8 . 5 0 . 2 29 . 9  .
Mg (meq/100 g) 0 . 9 1 .4
•
0.05 5
K (meq/100 g) 0 . 4 0 . 5 0 .07
Na (meq/100 g) 0 . 2 0.1 0 .05 0 . 4
SI In sa t ura t i on  
ex t rac ts  (ug/ml) 4 .6 1 .8 1 .8 8 . 7
P In sa t ura t i on  
ex t rac ts  (ug/ml) 0 .016 0.017 0.003 0 .069
P sorbed a t  
0 .02  ppm (ug/g) 223 122 45 385
P sorbed a t  
0 . 2  ppm (ug/g) 712 252 375 1240
P bu f f e r i n g  
capac i ty  (ug/g) 141 46 87 235
Olsen P (ug/g) 11 .8 18.7 0 . 6 59 . 9
Bray No.1 P (ug/g)  7 8 .8 0.1 23 .6
Al (meq/100 g) 1 .46 1 .14 0 . 02 3 . 32
Ext rac .  S (ug/g) 279 207 35 659
S sorbed at  
5ppm (ug/g) 25 49 -61 99
Median annual 
r a i n f a l l  1696 
n = 13
403 1200 2500
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Table 20 .  Means of  chemical  
d i f f e r e n t  so i l  ser 
HIstoso l
Soi l  Chemical
proper t i es  of sur face s o i l s  of  the 
les be long ing to  the order
Soi l  Ser ies
Property Kalmu
means
pH 5 . 8
Ca (meq/100 g) 37.1
Mg (meq/100 g) 7 . 9
K (meq/100 g) 1.7 . ^
Na (meq/100 g) 0 . 4
SI In sa tu ra t i on
/
ext racts  (ug/ml) 13.06
P In sa t u ra t i on  
ex t rac ts  (ug/ml) 0 .045
P sorbed a t  
0 . 02  ppm (ug/g) -187
P sorbed at 
0 . 2  ppm (ug/g) 235 ^
P bu f f e r i n g  
capac i ty  (ug/g) 109 ^
Olsen P (ug/g) 19.6
Bray No.1 P (ug/g) 19.1
Al (meq/100 g) 0 . 0
Ext rac .  S (ug/g) 131
S sorbed at  
5 ppm -76
n 3
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T ab le  21 . Means o f  chem ical p r o p e r t ie s  o f su r face  s o i l s  o f the
d i f f e r e n t  s o i l  s e r ie s  b e lo n g in g  t o  the  o rder
I n c e p t l s o l .
Soi l  Ser ies .
Property lo Kui a Pane Laumala Ka l po lo l  
means
Uma H a l l l m a l l e
pH 6.1 5 . 8 5 . 5 6 . 3 5 .2 5 .5 4 .7
Ca (meq/100 g)  31 .9 26 .5 14.1 26.7 14.1 35 .7 6 . 6  '
Mg (meq/100 g) 9 . 5 4 . 9 5 . 4 5.15 4 .6 3 . 6 1 .7
K (meq/100 g)  2 . 2 1 .4 1 .5 0 . 5 0 . 8 0 . 4
/
-1 .1
Na (meq/100 g) 0 . 5 0 . 4 0 . 2 0 . 3 0 . 3 0 . 6 0 . 2
SI In satura­
t i o n  ext rac ts  
(ug/ml) 14 8 . 7 7 .0 9 .7 4.3 14.8 7 .3
P In satura­
t i o n  ext racts  
(ug/ml) 0.061 0.037 0.015 0.017 0.015 O.OOS1 0 . 018
P sorbed a t  
0 . 02  ppm (ug/ml )-46 71 170
( i
127 V . 240 -15 153
P sorbed a t  
0 . 2  ppm (ug/ml )281 670 821 785 1765 780 480
P bu f f e r i n g  
capac i ty  ( ug/g )90 182 204 240 585 168 97
Olsen P (ug/g) 33 16 14 11 1 .4 12 24 . 8
Bray No.1 P 13.4 8 .2 5 .7 17.2 0 .3 11 .5 9 . 9
Al (meq/100 g) 0 . 0 0 .003 0 .032 0 . 0 0.27 0 .12 0.33
S (ug/g)  52 84 87 73 49 71 130
S sorbed at
5 ppm (ug/g) -32 19 58 20 80 17 30
in 6 13 4 2 1 1 9"
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T ab le  2 2 .  Means o f  chem ica l p ro p e r t ie s  o f  s u r fa ce  s o i l s  o f  the
d i f f e r e n t  s o i l  s e r ie s  b e lo n g in g  t o  the o rde r
M o ll I s o l .
Soi l  Chemical Soi l  Ser ies
Property Pal a Ewa Walakoa
means
Kamaole Pul ehu
pH 5 . 4 6 . 3 6 . 5 6 . 4 7 . 7
Ca (meq/100 g) 5 .7 6 . 0 11.1 39 8 .3
Mg (meq/100 g) 3 . 2 8 . 2 4 . 9 11 .7 12 . 4
K (meq/100 g) 0 . 8 1 .5 2 . 2 4.3 2 . 3
Na (meq/100 g) 0 . 4 3 . 6 0 .3 0 . 3 3 . 8
SI In s a t u r a t i on  
ex t rac ts  (ug/ml) 8 .2 14.3 11 .7
/
10.1 21 .7
P In sa t ura t i on  
e xt racts  (ug/ml) 0 . 019 0.085 0 .076 0 .134 0 . 112
P sorbed a t  
0 . 02  ppm (ug/g) 135 -26 11 -300 -5
P sorbed a t  
0 . 2  ppm (ug/g) 382 111 166 90 99
P bu f f e r i n g  
capac i ty  (ug/g) 67 42 44 116 30
01 sen P (ug/g) 11 .6 25 .6 22 .4 82.5 9 . 6
Bray No.1 P (ug/g) 6 .6 17.4 12 23.6 6 . 6
Al (meq/100 g) 0 . 049 0 .0 0 . 0 0 . 0 0 . 0
Su l f u r 71 73 43 92 57
S sorbed at 
5 ppm (ug/g) 11 -25 -2.5 -40 -6 .0
n 2 2 2 1 1
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T ab le  2 3 .  Means o f  chem ica l p ro p e r t ie s  o f  su r face  s o i l s  o f  the
d i f f e r e n t  s o i l  s e r ie s  b e lo n g in g  t o  the o rde r
O x I s o l .
Soi l  Chemical ___________________________
Property Keahua
.So i l  Ser ies .  
 means______
Molokai
pH 5 .7
Ca (meq/100 g)  11.7
Mg (meq/100 g) 3 . 5
K (meq/100 g)  1.1
Na (meq/100 g) 0 . 3
SI In s a t u ra t i on
ex t racts  (ug/ml) 8 . 3
P In s a t u r a t i on
t i o n  ex t rac ts  (ug/ml)  0 . 039
P sorbed a t
0 .02 ppm (ug/g) 82
P sorbed a t
0 . 2  ppm (ug/g) 315
P bu f f e r i n g
capac i ty  (ug/g)  68
Olsen P (ug/g) 17.4
Bray No. l  P (ug/g)  9 .7
AI (meq/100 g) 0.033
Ext rac .  S (ug/g)  75
S sorbed a t
5 ppm (ug/g)  -13
6 .2  
. 4 . 9  
• 5 . 9  
1 .7 . 
1 .3
14.4
0.023
41
168
-37
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T ab le  2 4 .  Means o f  chem ical p r o p e r t ie s  o f su r face  s o i l s  o f the
d i f f e r e n t  s o i l  s e r ie s  b e lo n g in g  to  the  o rder
U l t l s o l .
Soi l  Chemical ________________
Property Makawao
.Soi l  Ser ies .
Haiku 
 means______
Pauwel a
pH 5 .3
Ca (meq/100 g)  14.5
Mg (meq/100 g) 2 . 6
•
K (meq/100 g)  0 . 7
Na (meq/100 g) 0 . 2
SI In sa tu ra t i on  
ex t rac ts  (ug/ml) 4.7
P In sa t u r a t i on  
e x t racts  (ug/ml) 0 . 034
P sorbed a t
0 . 02 ppm (ug/g)  185
P sorbed a t
0 . 2  ppm (ug/g)  715
P bu f f e r i n g  
capac i ty  (ug/g) 157
Olsen P (ug/g) 23 .4
Bray No.1 P (ug/g) 17.1
Al (meq/100 g) 1 .16
Ext r ac .  S (ug/g) 184
S sorbed at  
5 ppm (ug/g) 16
4 . 0  
1 .4 
0 . 4  
0 . 4  
0.2
4 . 9
0 .009
222
680
129 
9 . 3  
" 4 
1 .58 
327
20
4 . 7  
•  0.6  
•  0 .6
0 .2 -
0.2
1 .8
0.023
350
985
202
0.6
3 . 7
1 .21 
133
99
 ^
1
191
Table 25 .  Mean, standard dev i a t i o n ,  minimum, and maximum of
chemical  p r ope r t i es  of subsurface s o i l s  be l ong ing  to  
the order I n c ep t l s o l .
So i l  Chemical 
Property Mean
Standard
Dev iat i on Ml nlmum Maximum
pH 5 . 8 0 . 8 3 . 9 7.1
Ca (meq/100 g) 19 .9 12.3 0 . 7 38 . 5  >
Mg (meq/100 g) 4 .5 5 . 5 0 . 5 32 .3
K (meq/100 g) 0 . 8 0 . 8 0 . 09 3 .7
Na (meq/100 g) 0 . 5 0 . 4 0.07 1.7
SI In sa tu ra r l on  
ex t rac ts  (ug/ml) 5 . 8 3 . 5 0 . 6 15.2
P In sa tu ra t i on  
ex t rac ts  (ug/g) 0.021 0 .032 0.001 0.163
P sorbed a t  
0 . 02 ppm (ug/g) 239 247 -175 1080
P sorbed a t  
0 . 2  ppm (ug/g) 944 731 170 3760
P bu f f e r i n g  
capac i ty  (ug/g) 217 169 55 840
Olsen P (ug/g) 12 .9 16.4 0 . 6 73 . 8
Bray No. l  P (ug/g) 3 .3 5 .6 0 . 09 24 .9
Al (meq/100 g) 0 . 17 0 . 04 0 . 0 1 .54
Ext rac .  S (ug/g) 98 67 0.0 349
S sorbed a t  
5 ppm (ug/g) 49 67 -40 265
n = 33
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T ab le  2 6 .  Mean, s tanda rd  d e v ia t io n ,  minimum, and maximum o f
chem ica l p r o p e r t ie s  of subsurface  s o i l s  b e lo n g in g  t o
the  o rde r  Mol I I s o l .
So i l  Chemical 
Property Mean
Standard
Dev iat i on MI nimum Maximum
pH 6 . 5 0 . 8 5 . 2 7 . 6
Ca (meq/100 g) 10.1 6 . 4 3 . 2 24 . 6  >
Mg (meq/100 g) 6.1 3 . 5 1.2 11.8
K (meq/100 g) 1 . 4 1 .7 0.1 5 . 4
Na (meq/100 g) 1.2 1 .3 0 . 2 3 . 9
SI In s a t u ra t i on  
ex t rac ts  (ug/ml) 6 . 2 2 . 7
/
2 .0 10.1
P In s a t u r a t i on  
e x t racts  (ug/ml) 0 .024 0.021 0.001 0.063
P sorbed a t  
0 . 02  ppm (ug/g) 98 101 -15 275
P sorbed a t  
0 . 2  ppm (ug/g) 373 228 25 710
P bu f f e r i n g  
capac i ty  (ug/g) 81 43 40 180
Olsen P (ug/g) 11 .7 8 . 3 3 . 6 28 .6
Bray No. l  P (ug/g) 5 . 2 6 . 2 0 . 4 18.6
Al (meq/100 g) 0 . 004 0.013 0 .00 0 .039
Ext rac .  S (ug/g) 75 38 44 164
S sorbed a t  
5 ppm (ug/g) -1.7 19 -25 30
n = 8
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T ab le  2 7 .  Mean, s tanda rd  d e v ia t io n ,  minimum, and maximum of
chem ica l p r o p e r t ie s  of subsurface  s o i l s  b e lo n g in g  to
th e  o rde r  0x1 s o l .
So i l  Chemical 
Property Mean
Standard
Dev iat i on MI nImum Maximum
pH 6 . 0 0 .7 5 .3 6 . 9
Ca (meq/100 g) 8 . 3 7 . 2 2 . 6 22 . 3  .
Mg (meq/100 g) 3 . 6 2 . 0 1 .6 6 . 3
K (meq/100 g) 0 . 7 0 . 5 0 . 2 J  .2
Na (meq/100 g) 0 . 7 0 . 4 0 . 2 1 .3
SI In sa tu ra t i on  
ext racts  (ug/ml) 4 . 8 3 . 7
/
1 .4 11 .3
P In sa tu ra t i on  
e x t racts  (ug/ml) 0 .020 0.025 0.001 0.071
P sorbed a t  
0 . 02 ppm (ug/g) 125 45 87 205
P sorbed a t  
0 . 2  ppm (ug/g) 364 63 261 445
P bu f f e r i n g  
capac i ty  (ug/g) 75 20 56 110
Olsen P (ug/g) 14.5 6 .7 7 . 5 24 . 9
Bray No.1 P (ug/g) 10.6 10.3 2.1 26 .0
Al (meq/100 g) 4 . 46 4.83 1 .40 13.75
Ext rac .  S (ug/g) 66 36 33 132 ,
72 V
S sorbed a t  
5 ppm (ug/g) 8.3 52 -59
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T ab le  2 8 .  Mean, s tanda rd  d e v ia t i o n ,  minimum, and maximum o f
chemical p r o p e r t ie s  o f  subsurface  s o i l s  b e lo n g in g  t o
the  o rde r  U I t l s o l .
Soi l  Chemical 
Property Mean
Standard
Dev i a t i on Ml nimum Maximum
pH 4 .2 0 .8 3.1 5.7
Ca (meq/100 g) 2 . 4 3 . 5 0.1 9 . 8  ,
Mg (meq/100 g) 0 . 5 0 . 7 0.03 2 . 5
K (meq/100 g) 0 . 3 0 . 4 0 . 04 1 . 4
Na (meq/100 g) 0 . 2 0.1 0 .05 0 .4
SI In sa tu ra t i on  
ext rac ts  (ug/ml) 3 . 7 2 . 4
t
0 . 6 7 . 6
P In sa tu ra t i on  
e x t racts  (ug/ml) 0.007 0.007 0.001 0 .029
P sorbed a t  
0 . 02  ppm (ug/g) 277 183 -140 530
P sorbed a t  
0 . 2  ppm (ug/g) 807 331 388 155
P bu f f e r i n g  
capac i ty  (ug/g) 160 101 68 470
Olsen P (ug/g) 10.1 13.9 0 . 5 51
Bray No.1 P (ug/g) 5 .6 6 . 3 0 . 4 18.7
Al (meq/100 g) 1 .5 1 .1 0 . 0 3 . 94
Ext rac .  S (ug/g) 324 206 92 687
S sorbed at 
5 ppm (ug/g) 38 81 -110 165
n = 13
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T ab le  2 9 .  Means o f  chem ica l p ro p e r t ie s  o f  subsurface  s o i l s  o f  the
d i f f e r e n t  s o i l  s e r ie s  b e lo n g in g  to  the o rde r
I n c e p t i s o l .
Soi l  Ser ies .
Property lo Kula Pane Laumaia Ka i po lo l  
means
Uma Hal I Ima i
pH 6 . 5 6 . 3 5 .7 6.1 4 . 9 5 . 7 4 . 9
Ca (meq/100 g) 30 .9 27 . 2 12.6 31 .8 3 . 6 28.3 6.1 .
Mg (meq/100 g) 11.4 3 . 9 3 . 9 4.1 1 .7 4 . 0 1 .6
K (meq/100 g) 1.1 0 . 7 1.3 0 .3 0 . 2 0 . 4 . 0 . 8
Na (meq/100 g) 1 .1 0 . 5 0 . 3 0 . 3 0 . 2 0 . 4 0 . 2
SI In sa tu ra t i on  
ext racts  (ug/ml)
1
9 .4 4 . 9 2 . 7 5.1 1.3 12.6 5 . 8
P In sa t u r a t i on  
ex t rac ts  (ug/ml) 0 . 049 0 . 008 0.013I 0.013 0.011 0.027 0.022
P sorbed a t  
0 . 02  ppm (ug/g) 21 355 300 227 1080 79 154
P sorbed a t
0 . 2  ppm (ug/g) 372 1244 1145 1432 3760 779 499
P bu f f e r i n g  
capac i ty  104 269 337 320 840 200 90
Olsen P (ug/g) 17.5 5 . 3 8 .3 1 .9 4 . 7 18.5 23.3
Bray No. l  P 3 . 6 0 . 7 0 . 8 0 . 3 0 .2 7 . 2 7 . 5
Al (meq/100 g) 0 . 0 0 . 0 0 .37 0 .0 1 .21 0 . 0 0 .32
S (ug/g) 52 96 95 76 81 80 141
S sorbed a t  
5 ppm (ug/g) -6 56 108 68 265 15 29
n 6 10 4 2 1 1 9
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T ab le  3 0 .  Means o f  chem ica l p ro p e r t ie s  o f subsurface  s o i l s  o f the
d i f f e r e n t  s o i l  s e r ie s  b e lo n g in g  to  the  o rder
Mol 11 s o l .
Soi l  Ser ies ,
Property Pala Ewa Walakoa
means
Kamaole Pul ehu
pH 5 . 4 6 . 5 6 . 7 7 . 0 7 . 6
Ca (meq/100 g) 6 . 5 6 . 5 9 .8 24 . 6  . 10.6
Mg (meq/100 g) 1 .9 6 . 8 5 .3 9 . 5  • 11 . 8
K (meq/100 g) 0 . 3 0 . 8 1 .3 5 . 4 0 . 9
Na (meq/100 g) 0 . 5 1 .8 0 . 4 0 . 4 3 . 9
SI In s a t u r a t i on  
ex t rac ts  (ug/ml) 3.1 9 . 4 5 . 4
t
5 . 9 8 .2
P In s a t u ra t i on  
ex t rac ts  (ug/ml) 0 .015 0.027 0.023 0.001 0 . 063
P sorbed a t  
0 . 02 ppm (ug/g) 200 8.5 138 105 -12
P sorbed a t  
0 . 2  ppm (ug/g) 500 98 424 710 235
P bu f f e r i n g  
capac i ty  (ug/g) 72 47 85 180 62
Olsen P (ug/g) 9 . 4 20 .2 6.1 16.3 6.1
Bray No.1 P (ug/g) 4 .3 13.5 1 .1 1 .7 2 . 6
Al (meq/100 g) 0 . 019 0 .0 0 . 0 0 . 0 0 . 0
Ext rac .  S (ug/g) 104 58 62 88 62
S sorbed a t  
5 ppm (ug/g) 13 -25 12 -1 -12
n 2 2 2 1 1
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T ab le  3 1 .  Means o f  chem ical p ro p e r t ie s  o f  subsurface  s o i l s  o f  the
d i f f e r e n t  s o i l  s e r ie s  b e lo n g in g  t o  the  o rde r
OxI s o l .
Soi l  Chemical ___________________________________ Soi l  Ser ies
Property Keahua Molokai
_____________________   means_____________________________
pH 5 . 8 6 . 5
Ca (meq/100 g) 10.8 . 3 . 5
Mg (meq/100 g) 3.1 . 4 . 5
K (meq/100 g) 0 . 8 0 . 5 :
Na (meq/100 g) 0 . 5 1 .2
SI In s a t u r a t i on
/
ext racts  (ug/ml) . 5 . 0 4 . 5
P In sa t u r a t i on  
ex t rac ts  (ug/ml) 0.026 0.011
P sorbed a t  
0 . 02 ppm (ug/g) 131 113
P sorbed a t  
0 . 2  ppm (ug/g) 397 299
P bu f f e r i n g  
capac i ty  (ug/g) 83 59
Olsen P (ug/g) 14.7 2 . 4
Bray No.1 P (ug/g) 5 . 9 1 .6
Al (meq/100 g) 0.017 0 . 0
Ext rac .  S (ug/g) 71 58
S sorbed a t  
5 ppm (ug/g) 20 -15
n 4 2
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T ab le  3 2 .  Means o f chem ical p r o p e r t ie s  of subsurface  s o i l s  o f the
d i f f e r e n t  s o i l  s e r ie s  b e lo n g in g  to  the  o rder
U l t l s o l .
Sol i  Chemical ________________
Property Makawao
.Soi l  Ser ies .
Hal ku 
 means______
Pauwel a
pH 4 . 8
Ca (meq/100 g)  4 . 9
Mg (meq/100 g) 1 .1
K (meq/100 g)  0 . 6
Na (meq/100 g) 0 . 2
SI In sa tu ra t i on  
ex t rac ts  (ug/ml) 3 . 2
P In sa tu ra t i on  
ex t rac ts  (ug/g) 0 . 008
P sorbed a t
0 . 02 ppm (ug/g) 304
P sorbed a t
0 . 2  ppm (ug/g)  966
P bu f f e r i n g  
capac i ty  (ug/g) 256
01 sen P (ug/g) 10 .9
Bray No.1 P (ug/g) 7 . 2
AI (meq/100 g) 1 .35
Ext rac .  S (ug/g) 327
S sorbed at  
5 ppm (ug/g) 18
4 .0  
1 .8 
0 . 4  
0 .3 
0.2
4.2
0.006
252
705
121 
8 . 9  
3 . 8  
1 .59 
323
30
4 . 5  
. 0 . 5  
.0.6 
0.1 . 
0.2
0.6
0.016
430
1260
220
18.4
17.4
1 .15 
324
165
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